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ABSTRACT 
 
 
Colletotrichum species are filamentous fungi. Many species are important pathogens 
causing economic losses on a wide range of crop plants. Diseases caused by Colletotrichum 
species often are referred to as anthracnose. The species associated with soybean [Glycine max 
(L.) Merr.] have not been sufficiently studied in terms of their genotype discrimination and 
phylogenetic relationships. Moreover, there is little information on evaluation of soybean 
germplasm accessions for anthracnose resistance.  
Colletotrichum species were isolated from soybean petioles and stems with anthracnose 
symptoms from soybean fields in several states in the United States. Multi-gene sequence 
phylogenetic analyses resulted in a distinct group of isolates that were separated from other 
known Colletotrichum species. A representative isolate from this group was examined for its 
morphology, cultural characteristics, and pathogenicity on soybean. The phylogenetic and 
morphological analyses showed that this group was a new species and was named 
Colletotrichum incanum. 
Real-time PCR assays based on dsDNA-binding dye were developed using a region of the 
cytochrome c oxidase subunit 1 (cox1) gene to discern four Colletotrichum species, C. 
chlorophyti, C. incanum, C. truncatum, and Glomerella glycines (Colletotrichum sp.). To 
increase detection efficiency, two sets of duplex real-time PCR assays were established. Set 1 
duplex assay distinguished C. chlorophyti and G. glycines, and the Set 2 duplex assay 
distinguished C. incanum and C. truncatum. Successful detection was achieved with a minimum 
of 1 pg DNA. The duplex assays rapidly and effectively identified more than 200 Colletotrichum 
isolates collected from soybean.  
	 iii
An inoculation technique for evaluating soybeans for anthracnose resistance was optimized 
based on experiments to determine the type of inoculum (conidia vs. mycelia), duration of 
wetness of inoculated plants, and the age of inoculated plants. This technique was used to re-
evaluate previously reported anthracnose resistant soybean genotypes and a set of ancestral 
genotypes of modern day soybean cultivars. In the re-evaluation test of previously assessed 
soybean genotypes, Mandarin, Mandarin 507, and Mandarin (Ottawa) showed greater resistance 
than the other genotypes. Among the 14 ancestral lines tested, Mandarin had lowest disease 
rating, although it did not differ from Mandarin (Ottawa), CNS, Roanoke, Richland, and 
Mukden.  
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CHAPTER 1: COLLETOTRICHUM INCANUM SP. NOV., A CURVED-CONIDIAL 
SPECIES CAUSING SOYBEAN ANTHRACNOSE IN THE USA1 
 
Abstract 
Soybean anthracnose is caused by a number of species of Colletotrichum that as a group 
represents an important disease that results in significant economic losses. In the present study, 
Colletotrichum species were isolated from soybean petioles and stems with anthracnose 
symptoms from soybean fields in Illinois. Multi-gene sequence phylogenic analysis, combining 
ribosomal DNA internal transcribed spacer, actin, β-tubulin, glyceraldehyde-3-phosphate 
dehydrogenase, and histone H3 gene regions, revealed a group of isolates collected in this study 
to be distinct from other established Colletotrichum species. This new group was 
phylogenetically closer to C. liriopes, C. tofieldiae, and C. verruculosum than to C. truncatum, 
another curved-conidial species commonly found on soybean. A representative isolate from this 
new group was used to examine its morphology, cultural characteristics, and pathogenicity on 
soybean; it was found to differ from C. truncatum in colony culture characteristics and sizes of 
conidia and appressoria. As a result of the molecular phylogenetic, morphological and 
pathogenicity analyses, this new species was named Colletotrichum incanum. Of the 84 
Colletotrichum isolates collected from soybean petioles, 40 were C. incanum indicating that this 
species may commonly occur.  
 
 
																																																								
1 This chapter appeared in its entirety in the Mycologia as Yang, H.-C., Haudenshield, J.S., and 
Hartman, G.L., 2013. Colletotrichum incanum sp. nov., a curved-conidial species causing 
soybean anthracnose in the USA. (Accepted) This article is reprinted with the permission of the 
publisher. 
	 2
 
Introduction 
Colletotrichum species commonly cause diseases on plants often referred to as anthracnose. 
These species have a broad host range and cause economic losses to many important crops 
including field, fruit, tree, and vegetable crops (8, 14, 19, 21, 23, 37). The taxonomy and 
nomenclature of Colletotrichum species has been in a state of flux and has undergone a number 
of revisions (5, 19, 20, 32). The identification of Colletotrichum species relied mainly on the 
species of host infected, morphological and cultural characteristics including the size and shape 
of the conidia, appressoria, acervuli, and setae (1, 21, 31, 32, 35). More recently, morphological 
and molecular approaches have been used to differentiate Colletotrichum species (3, 4, 7, 10). 
Within Colletotrichum spp., the most widely used phylogenetic method relies on multi-gene 
sequencing, which makes possible the recognition of stable and well-resolved clades. In recent 
years, the taxonomy and classification of Colletotrichum were re-organized and the backbone of 
a reference phylogeny was established (3, 5, 19). Damm et al. (12) also reviewed the 
classification of the Colletotrichum species with curved conidia that infect herbaceous plants 
based on morphological and gene sequencing studies.  
Anthracnose of soybean [Glycine max (L.) Merr.] was first reported in Korea in 1917, 
occurs wherever soybeans are grown, and the pathogens causing anthracnose have been isolated 
from all soybean organs and from other hosts (18). The disease has been reported to cause yield 
losses in southern areas of the USA (2, 39). The most commonly reported pathogen causing 
soybean anthracnose is C. truncatum, but several other Colletotrichum species have also been 
reported, including C. coccodes, C. destructivum (teleomorph, Glomerella glycines), and C. 
gloeosporioides (teleomorph, G. cingulata) (18, 25, 27, 30).  
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In 2009, a survey of the distribution of Colletotrichum species in soybean fields in the state 
of Illinois, USA, was conducted by collecting soybean stems and petioles with anthracnose 
symptoms from soybean fields. The characterization of Colletotrichum species isolated from this 
collection was based on traditional morphological observation plus multi-gene sequence 
phylogenetic analyses using the available reference datasets previously reported (3, 12, 19). In 
addition to C. truncatum and G. glycines, C. chlorophyti was found and reported as another 
causal agent of soybean anthracnose in 2012 (40). In this study, a new Colletotrichum species 
was reported from diseased soybean petioles. The morphology, phylogenetic lineages, and 
pathogenicity were used to define the new species. 
 
Materials and Methods 
Isolates.  Soybean plants with anthracnose symptoms on stems and petioles were collected 
from fields in Champaign, Iroquois, and Warren Counties in Illinois in 2009. To obtain fungal 
isolates, diseased petioles and stems were cut into 1–2 cm pieces and surface-disinfected by 
sequential immersion in sterile water for 5 min, 95% ethanol for 3 min, 1.2% (w/w) sodium 
hypochlorite (from commercial bleach) for 5–7 min, and rinsed twice in sterile water for 3–5 
min. The pieces were then placed on water agar (BD Bacto, Sparks, Maryland) and incubated at 
room temperature (23  2 C). After acervuli developed on the tissues and mycelia grew on the 
agar, single spore isolation or hyphal tipping was performed with sterile needles and propagules 
were transferred onto potato dextrose agar (PDA; BD Difco, Sparks, Maryland) or acidified PDA 
(APDA) made with 550 µl of 85% (w/w) lactic acid (Fisher Scientific, Fair Lawn, New Jersey) 
per liter PDA. Pure isolates were maintained under 12 h cool-white fluorescent lighting (45 mol 
m-2 s-1) at 24  1 C. The type specimen was deposited in the U.S. National Fungus Collections 
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(BPI) (BPI 884116). The representative pure cultures (ex-types) were deposited in the ARS 
Culture Collection (also known as the NRRL Collection) (NRRL 62592) and the CBS Fungal 
Diversity Centre (CBS 133485). In addition to the isolates collected from the fields, two ATCC 
strains were purchased for comparison: ATCC 62257 (Glomerella glycines) and ATCC 64682 
(G. cingulata). The isolates used in this study and the strain information retrieved from GenBank 
based on Damm et al. (12; Table 1.1). 
Morphological observation.  Pure isolates were cultured on PDA in 9-cm petri dishes for 
10–14 days under a 12 h photoperiod as described above. Characteristics of fungal colonies were 
recorded. Colony colors were identified according to Ridgway (28). To induce fungal 
sporulation, detached leaves of the soybean cultivar Williams 82 were inoculated with 6-mm 
agar disc from 10 to 14 day-old colonies. Fungal structures that developed on the plant tissues or 
agar plates were observed using Leica M205 FA stereomicroscope (Leica Microsystems, Inc., 
Buffalo Grove, Illinois) fitted with a Spot Flex FX1520 camera (Diagnostic Instruments, Sterling 
Heights, Michigan). Appressoria were produced using the glass culture technique (3, 22) except 
that a glass slide was used in lieu of a Petri dish, and formation of appressoria was observed after 
12 h. The sizes and shapes of conidia, appressoria, and setae of acervuli were measured in >30 
samples using an Olympus BX51 Compound light microscope (Olympus America, Center 
Valley, Pennsylvania) fitted with a QImaging Retiga 2000R camera (Q Imaging, Surrey, British 
Columbia, Canada). Growth rates were tested by transferring 5-mm mycelial PDA discs punched 
from 14 day-old fungal cultures onto the center of another 9-cm PDA and OA plates with four 
diagonal lines drawn on the back of the plates.  The cultures were incubated under 12 h 
alternative lighting condition at 24  1 C, and the lengths of the fungal colony expanding 
through the lines were measured every other day. 
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DNA extraction, amplification, and sequencing.  Total DNAs of the isolates were 
extracted from mycelia grown on PDA using the FastDNA Spin Kit (MP Biomedicals, Solon, 
Ohio). PCR was performed using the Phusion High-fidelity PCR Kit (New England Biolabs, 
Inc., Ipswich, Massachusetts) on a PTC-100 Programmable Thermal Controller (MJ Research, 
Inc.; now Bio-Rad Laboratories, Emeryville, California). Five nuclear gene regions were 
selected for study (12): (i) the internal transcribed spacer (ITS1, 5.8S RNA, ITS2) ribosomal 
DNA (rDNA) region, (ii) actin (ACT), (iii) beta-tubulin (TUB2), (iv) glyceraldehyde 3-
phosphate dehydrogenase (GAPDH), and (v) histone H3 (HIS3). The PCR primers and the 
thermal regimens are listed in Table 1.2. The amplicons were purified using the E.Z.N.A 
MicroElute Cycle Pure Kit (Omega Bio-Tek, Inc., Norcross, Georgia) and then bi-directionally 
sequenced by the core DNA sequencing facility of the Roy J. Carver Biotechnology Center 
(University of Illinois, Urbana, Illinois). The sequencing primers were the same as PCR primers 
except that the amplicon of beta-tubulin was sequenced with Bt2a and Bt2b (15). The sequence 
data were assembled using BioEdit v7.1.3 [http://www.mbio.ncsu.edu/BioEdit/bioedit.html, Ibis 
Biosciences, Carlsbad, CA (17)] and deposited to GenBank database. BLAST analysis was 
performed on the National Center for Biotechnology Information (NCBI) website 
(http://blast.ncbi.nlm.nih.gov/) to search for similarity to other sequences. 
Phylogenetic analyses.  Two representative sequences from each genotype and the two 
ATCC strains (ATCC 62257 and ATCC 64682) were selected for subsequent phylogenetic 
analyses. A preliminary ITS phylogeny was established with the reference sequences of 62 
Colletotrichum species to narrow down the species related to our representatives and ATCC 
strains. Then, the individual trees and a concatenated tree of the five gene regions (ITS, ACT, 
TUB2, GAPDH, and HIS3) with the sequences of the related species were established. All 
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sequence alignments and phylogenetic analyses except Bayesian analysis were conducted using 
MEGA5 (33), and summarzied (Table 1.3).  
In the preliminary phylogenetic analysis based on ITS1/5.8S/ITS2 region, the dataset 
consisted of 125 ITS sequences including two representatives from each genotype, ATCC 
strains, the reference sequences of 62 Colletotrichum species retrieved from GenBank according 
to previous publications (3, 12, 19, 41), and a strain of Fusarium oxysporum as an outgroup. 
Sequences were aligned using MUSCLE (13) in MEGA5 and the result was adjusted manually if 
necessary. Gaps were treated as missing data. The nucleotide substitution model plus 
evolutionary rates among sites for the aligned sequences were tested, and the best combination of 
these two was determined by the lowest value of the Bayesian information criterion (BIC). 
Maximum likelihood (ML) tree was then established under the setting of the best combination of 
model and rates with nearest-neighbor-interchange (NNI) selected as ML heuristic method. The 
reliability of the ML tree was estimated with 500 bootstrap replications. 
Species showing closer relationships with our curved conidial species in the preliminary 
ITS phylogenetic tree were narrowed down to 17 Colletotrichum species selected from Damm et 
al. (12). Each dataset for individual gene trees (ITS, ACT, TUB2, GAPDH, and HIS3) consisted 
of 43 sequences of these 17 Colletotrichum species, our representatives, and ATCC strains 
(Table 1.1). The straight-conidial group of G. glycines was used as an outgroup. Sequence 
alignment, determination of the best nucleotide substitution model, and phylogenetic analyses by 
the ML method were conducted for each gene region using MEGA5 as previously described 
except that the bootstrap replication was set to 1,000.  
For the multi-gene phylogenetic analysis, the sequences of each gene region (Table 1.1) 
were aligned individually and then concatenated using Mesquite v2.75 (24). The best nucleotide 
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substitution was found and the multi-gene phylogenetic tree was generated by ML method using 
MEGA5 as previously described. Bayesian analysis for the concatenated sequences was 
performed using MrBayes 3.2.1 (29). The model of nucleotide substitutions in MrBayes was 
chosen following the result of the best-suited substitution model from MEGA5. For efficiency, 
the original tree generated from ML analysis in MEGA5 was employed as a starting tree in 
MrBayes. Two replicated runs were executed simultaneously with three heated Metropolis-
coupled Monte Carlo Markov chains (temp = 0.2) and one cold chain for 10,000,000 generations 
each. Trees were sampled every 100 generations, resulting in 100,000 trees. The first 25% of the 
trees from each run were discarded as burn-in phase. The remaining trees were used for 
calculating the posterior possibilities. The sequence alignment and the phylogenetic tree for the 
concatenated dataset were deposited in TreeBASE (http://www.treeBASE.org) (Accession 
number: S13750). 
Pathogenicity tests.  Pathogenicity was tested using both detached leaf assays and whole 
plant inoculations. For detached leaf assays, soybean plants of cultivar Williams 82 were planted 
in a growth chamber (Percival, Model PGC40L2, Perry, Iowa) with 12 h alternating light (350 
mol m-2 s-1) and dark at 25 C.  At the V2 to V3 growth stage, trifoliolate leaves were collected. 
A plastic clamshell box (22 × 12 × 3.5 cm) (Andex, Escanaba, Michigan) with a layer of moist 
paper toweling inside was prepared. The leaflets were placed into the box with the adaxial sides 
up, inoculated with a 6-mm-diam mycelial disc from 10- to 14-day-old APDA plates, and 
incubated at 25 C. The development of leaf lesions was observed at 7 days post-inoculation 
(dpi). For whole plant inoculations, 12 plants were grown (three plants per 10-cm-diam pot) to 
the growth stage V2–V3 at 25 C under 13 h alternating light and dark in the growth chamber. 
Mycelial inoculum was prepared from 4–5 day-old fungal cultures [grown in potato dextrose 
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broth (PDB) (BD Difco) at 30–35 C] fragmented at low speed in a sterile blender (Waring, 
Model 31BL92) for 30–60 s, drained, and resuspended in distilled H2O to a final concentration 
of ~ 40 mg/ml. Inoculation was performed using a plastic atomizer to spray inoculum onto 
aboveground plant parts followed 48 h misting in the dark and then transferred back to the 
growth chamber. Disease severity was observed 3–7 dpi.  
 
Results 
Collection and sequencing of Colletotrichum species from soybean.  A total of 84 
Colletotrichum isolates were obtained: 61 had curved conidia with acervuli and without 
perithecia, 23 had straight conidia with acervuli and formed perithecia. After further grouping by 
their growth patterns (colors and mycelial features) in PDA cultures, 30 representatives (20 
curved-conidial strains and 10 straight-conidial strains) were chosen for sequencing of the ITS 
region, and the results suggested three different genotypes among the 20 curved-conidia strains 
and all straight-conidial strains belonged to one genotype.  
A sequence alignment of the ITS region with 62 Colletotrichum species revealed that the 
three curved-conidial genotypes were respectively identical to C. truncatum (CBS 182.52 / CBS 
345.70, GenBank accession: GU227866 / GU227867), C. chlorophyti (IMI 103806 / CBS 
142.79, GenBank accession: GU227894 / GU227895), and C. spaethianum (CBS 100063 / CBS 
101631, GenBank accession: GU227808 / GU227809). The genotype with an ITS sequence 
similar to C. spaethianum did not have a high match score to the same species or any other 
known Colletotrichum species in ACT, TUB2, GAPDH, and HIS3 gene regions; however, the 
other two genotypes showed sequence identity to C. truncatum and C. chlorophyti in these four 
gene regions.  
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The straight-conidial strains with a teleomorphic phase all had 99–100% identical 
sequences in the ITS, ACT, TUB2, GAPDH, and HIS3 gene regions, compared to the G. 
glycines strain, ATCC 62257, and their morphology matched the species description (Manandhar 
et al. 1986; Tiffany and Gilman 1954). 
Phylogenetic analyses.  The preliminary ITS tree was constructed based on 62 
Colletotrichum species; three strains of the new genotype (IL6A, IL9A, and ATCC 64682) 
grouped with C. spaethianum, C. liriopes, C. lilii, C. tofieldiae, and C. verruculosum with a 
bootstrap value = 56. This group corresponded to the Clade 1 in Damm et al. (12). The individual 
trees were constructed based on 17 species; and again the three strains (IL6A, IL9A, and ATCC 
64682) grouped with C. spaethianum, C. liriopes, C. lilii, C. tofieldiae, and C. verruculosum 
with a low bootstrap value < 50 (Fig. 1.1A).  However, the three strains formed exclusive, highly 
supported, monophyletic groups in each of the other four individual gene trees (bootstrap value = 
99 in the ACT tree, 99 in the TUB2 tree, 94 in the GAPDH tree, and 99 in the HIS3 tree; Fig. 
1.1B–E). 
The concatenated dataset was composed of 43 taxa (19 Colletotrichum species) (Table 1.1), 
each with 2005 characters (nucleotides and gaps), including ITS region (518) + ACT region 
(262) + TUB2 gene (517) + GAPDH region (308) + HIS3 gene (400). The best-fit nucleotide 
substitution model, calculated by MEGA5 was TN93+G+I (Table 1.3), and was applied to 
maximum likelihood and Bayesian analyses. The multi-gene tree (Fig. 1.2) showed that the three 
strains of the new genotype (IL6A, IL9A, and ATCC 64682) formed an exclusive group with a 
bootstrap value = 100 and Bayesian posterior possibility = 1.00, indicating its distinction from 
other Colletotrichum species and confirming the results of the individual gene trees of ACT, 
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TUB2, GAPDH, and HIS3. Therefore, it was concluded that this group was an un-described 
species of Colletotrichum and named it Colletotrichum incanum. 
The C. incanum group had a close evolutionary relationship with C. liriopes, C. tofieldiae, 
and C. verruculosum with a bootstrap value = 82 and a Bayesian posterior possibility = 0.96. The 
four species, together with C. lilii and C. spaethianum, formed a clade with a bootstrap value = 
99 and a Bayesian posterior possibility = 1.00 (Fig. 1.2).  
Correction of the taxonomy of ATCC 64682.  The strain ATCC 64682 was previously 
deposited as G. cingulata (anamorph C. gloeosporioides) (36), but the culture obtained from 
ATCC had curved conidia, lacked a teleomorphic stage, and had culture characters similar to the 
representative strains of C. incanum, IL6A and IL9A. In addition, sequence data (Table 1.1) and 
the multi-gene phylogenetic analyses (Fig. 1.2) indicated that it was the same species as IL6A 
and IL9A. In Tu’s original description (36), the species was observed in infected white bean 
tissues, which might have contained several Colletotrichum species. Thus, in accordance with 
the morphological and phylogenetic data presented here, the identification of ATCC 64682 was 
corrected as C. incanum.  
Pathogenicity.  The IL6A strain of C. incanum caused anthracnose symptoms when 
inoculated on either detached soybean leaves, or whole plants. The detached leaflets developed 
irregular dark-brown blotches at 7 dpi (Fig. 1.3A, 1.3B). Acervuli grew subepidermally and 
produced conidia 14–21 dpi. The symptoms on whole soybean plants included small, irregular 
brown lesions on leaves and petioles at 4 dpi (Fig. 1.3C), and the lesions expanded slowly, 
compared to C. truncatum (data not shown). After collecting the leaves and petioles with lesions 
at 7 dpi and placing them in wet, clean filter papers in Petri dishes, the fungal colonies expanded 
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to engulf the entirety of the leaflet after 3–4 weeks producing acervuli (Fig. 1.4A–B) and many 
black sclerotia (Fig. 1.4U–W). 
Incidence of C. incanum.  According to the sequencing results of the 20 representative 
curved-conidial isolates sampled from three different counties (Champaign, Iroquois, and 
Warren), 13 of them were C. incanum, 5 were C. chlorophyti, and 2 were C. truncatum. Further 
morphological observations of all the collected isolates to the C. incanum ex-holotype strain 
IL6A indicated that nearly half (40 isolates) of the total collection (84 isolates) appeared to be C. 
incanum.  
 
Taxonomy 
Colletotrichum incanum H.-C. Yang, J. S. Haudenshield, & G. L. Hartman, sp. nov.  
Fig. 1.4 
MycoBank MB 802962 
Etymology: Named in relation to the colony color on potato dextrose agar plate. 
Description: 
On soybean petiole and leaf: Conidiomata acervular, subepidermal, circular to elliptical, with 1 
to more than 10 setae. Setae straight, black-brown, septate, subacute, 74–202 μm long (mean = 
125.6 ± 25.5 μm, n = 60), 1.9–4.1 μm thick in the middle (mean = 2.8 ± 0.5 μm, n = 60). 
Conidiophores hyaline to pale brown, septate, sometimes branched. Conidial masses colorless to 
pale salmon orange. Conidia more curved on one side than the other side, ends tapered with a 
truncated base, aseptate, unicellular, hyaline, 16.9–21.9 × 2.3–3.7 μm (mean = 19.1 ± 1.2 × 3.0 ± 
0.4 μm, n = 50), L/W ratio = 6.5. Appressoria rounded, oval, or irregular, dark, 8.6–15.4 × 5.4–
9.7 μm (mean = 11.2 ± 1.6 × 6.8 ± 1.0 μm, n = 50), L/W ratio = 1.7. Sclerotia black, globose, 
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packed with masses of globules, 60–280 μm, subepidermal, sometimes merged into irregular 
shapes, occasionally with a few setae on the top. No teleomorph was found. 
Culture characteristics: Colonies on PDA flat with smooth or sometimes irregularly margins, 
mycelia dense, initially white to pale olive-gray, turning mouse gray and finally becoming 
blackish gray. Colonies reaching 5.5–6.7 cm in 8 days, growth rate 7.5 ± 0.8 mm/d, n=3. 
Acervuli and conidia rarely formed. No sclerotia present. Colonies on OA flat with smooth 
margin, mycelia less dense, surface abundant with acervuli and sclerotia. Conidial masses pale 
salmon-orange, forming mainly around the seeded mycelial discs. Colonies reaching 6.1–6.5 cm 
in 8 days, growth rate 7.8 ± 0.3 mm/d. No teleomorph formed. 
Type specimen: UNITED STATES. ILLINOIS: Monmouth, isolated from diseased soybean 
(Glycine max) petioles collected from the soybean field, 14 June 2010, H.-C. Yang, J. S. 
Haudenshield & G. L. Hartman (HOLOTYPE BPI884116; cultures EX-HOLOTYPE IL6A = 
NRRL 62592 = CBS 133485) 
Additional materials examined: UNITED STATES. ILLINOIS: Urbana, isolated from petioles of 
Glycine max, 19 May 2010, H.-C. Yang, J. S. Haudenshield & G. L. Hartman (Culture EX-
PARATYPE IL9A). 
 
Discussion 
Multi-gene sequencing and phylogenetic analyses differentiated C. incanum from other 
Colletotrichum species. Most recently, Cannon et al. (5) revised the taxonomy of Colletotrichum 
and concluded that nine major clades of this genus exist based on multi-gene phylogeny. In this 
study, C. incanum, belonged to the “Spaethianum clade” and was genetically close to C. liriopes, 
C. tofieldiae, and C. verruculosum (Fig. 1.2). The Spaethianum clade was first recognized by 
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Damm et al. (12) with five species (C. lilii, C. liriopes, C. spaethianum, C. tofieldiae, and C. 
verruculosum) most associated with petaloid monocots of no economic importance (5). 
Colletotrichum incanum expands this clade to six species.  
The ITS region is the most widely used marker in fungal phylogenetic studies; however, 
the limitation of its sole use to distinguish species has been discussed (3, 9, 20, 34). In our study, 
analysis based on the ITS region resolved the major clades (Fig. 1.1A), but with low nodal 
support for the Spaethianum clade including C. incanum. The ITS analysis did not separate C. 
incanum from C. spaethianum. However, individual gene trees for ACT, GAPDH, HIS3, and 
TUB2 showed that C. incanum isolates formed a cohesive group, distinct from other species 
(Fig. 1.1B–E), which was also supported in the multi-gene phylogenetic tree (Fig. 1.2). 
Therefore, our results confirmed the importance of multi-gene analyses in species differentiation. 
Colletotrichum incanum and C. truncatum, the most commonly reported causal agent of 
soybean anthracnose, both have curved conidia and irregularly shaped appressoria. However, the 
conidia of C. incanum were shorter and wider than those of C. truncatum (mean = 21.9 ± 1.8 × 
2.4 ± 0.2 μm, L/W ratio = 9.3, n = 50) (P < 0.0001), and the appressoria of C. incanum were less 
elongated than those of C. truncatum (mean = 17.4 ± 4.0 × 8.1 ± 1.2 μm, L/W ratio = 2.2, n = 50) 
(P < 0.0001). Conidial masses of C. incanum were pale salmon-orange, whereas those of C. 
truncatum were almost colorless. Moreover, on PDA, the fungal colonies of C. incanum were 
more grayish in comparison to C. truncatum, and C. incanum had a higher average growth rate at 
day 8 (7.5 ± 0.8 mm per day) than C. truncatum (5.8 ± 0.8 mm per day).  
This new Colletotrichum species, C. incanum, which was able to cause anthracnose 
symptoms on soybean, was fully described based on a combination of morphological 
characteristics and multi-gene sequence analyses. The pathogen, based on limited survey data, 
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was commonly found in Illinois at a higher frequency than C. truncatum. Further research on C. 
incanum is needed to clarify its regional and global distribution, host range, and impact on 
soybean production. 
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Tables 
 
Table 1.1.  Isolates used in this study with the GenBank accessions of five genes/loci 
Species Type strain Host Origin 
GenBank accessions             
ITS ACT TUB2 GAPDH HIS3 Reference 
Colletotrichum  
anthrisci 
CBS 125334 Anthriscus 
sylvestris 
Netherlands GU227845 GU227943 GU228139 GU228237 GU228041   Damm et al. (12) 
C. anthrisci CBS 125335 A. sylvestris Netherlands GU227846 GU227944 GU228140 GU228238 GU228042   Damm et al. (12) 
C. chlorophyti IMI 103806 Chlorophytum 
sp. 
India GU227894 GU227992 GU228188 GU228286 GU228090   Damm et al. (12) 
C. chlorophyti CBS 142.79 Stylosanthes 
hamata 
Australia GU227895 GU227993 GU228189 GU228287 GU228091   Damm et al. (12) 
C. chlorophyti IL1A Glycine max USA JX126475 JX126476 JX126477 JX126478 JX126479   Yang et al. (40) 
C. chlorophyti IL3A G. max USA KC110786 KC110822 KC110813 KC110804 KC110795   This study 
C. circinans CBS 111.21 Allium cepa USA GU227854 GU227952 GU228148 GU228246 GU228050   Damm et al. (12) 
C. circinans CBS 221.81 A. cepa Serbia GU227855 GU227953 GU228149 GU228247 GU228051   Damm et al. (12) 
C. curcumae IMI 288937 Curcuma longa India GU227893 GU227991 GU228187 GU228285 GU228089   Damm et al. (12) 
C. dematium CBS 125.25 Eryngium 
campestre 
France GU227819 GU227917 GU228113 GU228211 GU228015   Damm et al. (12) 
C. dematium CBS 125340 Apiaceae Czech 
Republic 
GU227820 GU227918 GU228114 GU228212 GU228016   Damm et al. (12) 
C. fructi CBS 
346.37=CCT 
4806 
Malus 
sylvestris, 
fruit 
USA GU227844 GU227942 GU228138 GU228236 GU228040   Damm et al. (12) 
C. lilii CBS 
109214=BBA 
62147 
Lilium sp. Japan GU227810 GU227908 GU228104 GU228202 GU228006   Damm et al. (12) 
C. lilii CBS 186.30 Lilium sp., bulb Netherlands GU227811 GU227909 GU228105 GU228203 GU228007   Damm et al. (12) 
C. lineola CBS 125337 Apiaceae Czech 
Republic 
GU227829 GU227927 GU228123 GU228221 GU228025   Damm et al. (12) 
C. lineola CBS 125339 Apiaceae Czech 
Republic 
GU227830 GU227928 GU228124 GU228222 GU228026   Damm et al. (12) 
C. liriopes CBS 119444 Lirope muscari Mexico GU227804 GU227902 GU228098 GU228196 GU228000   Damm et al. (12) 
C. liriopes CBS 122747 L. muscari Mexico GU227805 GU227903 GU228099 GU228197 GU228001   Damm et al. (12) 
C. incanum IL6A=NRRL 
62592=CBS 
133485 
G. max USA KC110787 KC110823 KC110814 KC110805 KC110796   This study 
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Table 1.1.  (Cont.)   
Species Type strain Host        Origin 
GenBank accessions             
ITS ACT TUB2 GAPDH HIS3 Reference 
C. incanum IL9A G. max USA KC110788 KC110824 KC110815 KC110806 KC110797   This study 
C. incanum ATCC  64682* Phaseolus 
vulgaris 
Canada KC110789 KC110825 KC110816 KC110807 KC110798   This study, Tu 
(36) 
C. phaseolorum CBS 157.36 P. radiatus var. 
aureus 
Japan GU227896 GU227994 GU228190 GU228288 GU228092   Damm et al. (12) 
C. phaseolorum CBS 158.36 Vigna sinensis Japan GU227897 GU227995 GU228191 GU228289 GU228093   Damm et al. (12) 
C. rusci CBS 119206 Ruscus sp. Italy GU227818 GU227916 GU228112 GU228210 GU228014   Damm et al. (12) 
C. spaethianum CBS 
167.49=BBA 
4804 
Hosta 
sieboldiana 
Germany GU227807 GU227905 GU228101 GU228199 GU228003   Damm et al. (12) 
C. spaethianum CBS 100063 Lilium sp. South Korea GU227808 GU227906 GU228102 GU228200 GU228004   Damm et al. (12) 
C. spaethianum CBS 101631 Hemerocallis 
sp. 
New 
Zealand 
GU227809 GU227907 GU228103 GU228201 GU228005   Damm et al. (12) 
C. spinaciae CBS 128.57 Spinacia 
oleracea 
Netherlands GU227847 GU227945 GU228141 GU228239 GU228043   Damm et al. (12) 
C. spinaciae IMI 104607 Spinacia sp. Italy GU227850 GU227948 GU228144 GU228242 GU228046   Damm et al. (12) 
C. tofieldiae CBS 495.85 Tofieldia 
calyculata 
Switzerland GU227801 GU227899 GU228095 GU228193 GU227997   Damm et al. (12) 
C. tofieldiae CBS 168.49 Lupinus 
polyphyllus 
Germany GU227802 GU227900 GU228096 GU228194 GU227998   Damm et al. (12) 
C. trichellum CBS 
217.64=IMI 
84989 
Hedera helix  UK GU227812 GU227910 GU228106 GU228204 GU228008   Damm et al. (12) 
C. trichellum CBS 118198 Hedera sp. Guatemala GU227813 GU227911 GU228107 GU228205 GU228009   Damm et al. (12) 
C. truncatum CBS 151.35 P. lunatus USA GU227862 GU227960 GU228156 GU228254 GU228058   Damm et al. (12) 
C. truncatum CBS 195.32 G. max USA GU227865 GU227963 GU228159 GU228257 GU228061   Damm et al. (12) 
C. truncatum CBS 182.52 G. max USA GU227866 GU227964 GU228160 GU228258 GU228062   Damm et al. (12) 
C. truncatum CBS 345.70 G. max Denmark GU227867 GU227965 GU228161 GU228259 GU228063   Damm et al. (12) 
C. truncatum IL15B G. max USA KC110790 KC110826 KC110817 KC110808 KC110799   This study 
C. truncatum IL16D G. max USA KC110791 KC110827 KC110818 KC110809 KC110800   This study 
C. verruculosum IMI 45525 Crotalaria 
juncea 
Zimbabwe GU227806 GU227904 GU228100 GU228198 GU228002   Damm et al. (12) 
Glomerella 
glycines 
IL18A G. max USA KC110792 KC110828 KC110819 KC110810 KC110801   This study 
G. glycines IL26A G. max USA KC110793 KC110829 KC110820 KC110811 KC110802   This study 
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Table 1.1.  (Cont.)   
Species Type strain Host        Origin 
GenBank accessions             
ITS ACT TUB2 GAPDH HIS3 Reference 
G. glycines ATCC 62257 G. max USA KC110794 KC110830 KC110821 KC110812 KC110803   This study,  
  Manandhar et al. 
(25) 
* ATCC 64682 was previously submitted and misidentified as Glomerella cingulata (anamorph Colletotrichum gloeosporioides). According to our study, this strain should belong 
to the newly described species Colletotrichum incanum (see text). 
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Table 1.2.  Primers and thermal regimen for PCR cycling  
 
 
a F: forward primer; R: reverse primer 
b PCR thermal profile was based on the Phusion enzyme manufacturer’s guideline. All PCR cycles consisted of an 
initial denaturation step of 98 °C for 30 s and a final extension step of 72 °C for 7 min and then held at 4 °C. 
 
 
 
 
Gene / 
locus Primer 
a Sequence Reference PCR thermal cycles b 
ITS 
F:  ITS1 TCCGTAGGTGAACCTGCGG 
White et al. (38) (98 °C : 10 s, 60 °C : 30 s,  
72 °C : 30 s) × 35 cycles R:  ITS4 TCCTCCGCTTATTGATATGC 
ACT 
F:  ACT512F ATGTGCAAGGCCGGTTTCGC Carbone and Kohn 
(6) 
(98 °C : 8 s, 68 °C : 10 s,  
72 °C : 6 s) × 35 cycles R:  ACT783R TACGAGTCCTTCTGGCCCAT 
TUB2 
F:  T1 AACATGCGTGAGATTGTAAGT O'Donnell and 
Cigelnik (26) 
(98 °C : 10 s, 64 °C : 30 s,  
72 °C : 30 s) × 35 cycles R:  T22 TCTGGATGTTGTTGGGAATCC 
GAPDH 
F:  GDF1 GCCGTCAACGACCCCTTCATTGA 
Guerber et al. (16) (98 °C : 8 s, 68 °C : 10 s,  
72 °C : 6 s) × 35 cycles R:  GDR1 GGGTGGAGTCGTACTTGAGCATGT 
HIS3 
F:  CYLH3F AGGTCCACTGGTGGCAAG 
Crous et al. (11) (98 °C : 10 s, 64 °C : 20 s,  
72 °C : 15 s) × 35 cycles R:  CYLH3R AGCTGGATGTCCTTGGACTG 
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Table 1.3.  Best fit nucleotide substitution models used in maximum likelihood (ML) 
phylogenetic analyses performed by MEGA5.  
 
 
 Pre-test Individual gene region 
Concatenated 
data 
Gene region ITS ITS  ACT TUB2 GAPDH HIS3 
ITS + ACT + 
TUB2 + GAPDH 
+ HIS3 
Aligned 
nucleotide 
characters 
646 518 262 517 308 400 2005 
No. of sequences 
analyzed 125 43 43 43 43 43 43 (concatenated) 
Model test results             
Best fit model 
determined by 
BIC 
T92+G K2+G K2+G K2+G K2+G+I HKY+G TN93+G+I 
Invariant (I) n/a n/a n/a n/a 0.1704 n/a 0.383 
Gamma (G) 0.2498 0.1563 0.5941 0.4291 3.156 0.1335 0.7656 
Ti/Tv bias (R) 1.2228 1.6695 2.2299 1.9516 1.5799 3.2482 2.0981 
Frequency A 0.2304 0.25 0.25 0.25 0.25 0.1872 0.215 
Frequency T 0.2304 0.25 0.25 0.25 0.25 0.209 0.2301 
Frequency C 0.2696 0.25 0.25 0.25 0.25 0.3827 0.3179 
Frequency G 0.2696 0.25 0.25 0.25 0.25 0.2212 0.237 
Rates of base 
substitution               
A=>T 0.05 0.05 0.04 0.04 0.05 0.02 0.04 
A=>C 0.06 0.05 0.04 0.04 0.05 0.05 0.05 
A=>G 0.15 0.16 0.17 0.17 0.15 0.17 0.13 
T=>A 0.05 0.05 0.04 0.04 0.05 0.02 0.04 
T=>G 0.15 0.16 0.17 0.17 0.15 0.29 0.25 
T=>C 0.06 0.05 0.04 0.04 0.05 0.03 0.04 
C=>A 0.05 0.05 0.04 0.04 0.05 0.02 0.04 
C=>T 0.13 0.16 0.17 0.17 0.15 0.16 0.18 
C=>G 0.06 0.05 0.04 0.04 0.05 0.03 0.04 
G=>A 0.13 0.16 0.17 0.17 0.15 0.14 0.12 
G=>T 0.05 0.05 0.04 0.04 0.05 0.02 0.04 
G=>C 0.06 0.05 0.04 0.04 0.05 0.05 0.05 
ML settings               
No. of discrete 
gamma categories 5 5 5 5 5 5 5 
Bootstrap 
replications 500 1000 1000 1000 1000 1000 1000 
Gap/missing data 
treatment 
Use all 
sites 
Use all 
sites 
Use all 
sites 
Use all 
sites 
Use all 
sites 
Use all 
sites Use all sites 
ML Heuristic 
method NNI NNI NNI NNI NNI NNI NNI 
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Figures 
 
 
 
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
Fig. 1.1.  Maximum likelihood phylogenetic trees of individual gene regions of A, ITS, B. ACT, 
C, TUB2, D, GAPDH, and E, HIS3. Maximum likelihood branch length is shown in each tree. 
The numbers at each node indicate bootstrap support values with 1,000 replications. Only 
bootstrap values above 50% are shown. The strains with black-circle symbols indicate the 
cultures collected in this study. The isolates representing Colletotrichum incanum are designated 
by a rectangular box. 
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Fig. 1.2.  Maximum likelihood phylogenetic tree of the concatenated sequences of ITS, ACT, 
TUB2, GAPDH, and HIS3 gene regions (2005 nucleotides). The numbers at each node indicate 
bootstrap support values with 1,000 replications followed by Bayesian posterior probability 
values. Only bootstrap values above 70% are shown. The strains with black circles identify 
cultures collected in this study. The group of isolates representing Colletotrichum incanum is 
designated by a rectangular box. 
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Fig. 1.3.  Symptoms of Colletotrichum incanum on soybean cultivar Williams 82. A–B, Lesions 
on detached leaves at 7 days post inoculation. C, Small lesion spots on whole plants at V2–V3 
stage at 4 days post inoculation. 
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Fig. 1.4.  Colletotrichum incanum (from ex-holotype IL6A = NRRL 62592 = CBS 133485): A–
B, Acervuli (A, on petiole; B, on leaf). C–D, Setae. E–F, Colony on PDA (E, front side; F, 
reverse side). G–I, Conidiophore. J–K, Conidia (J, unstained; K, stained with trypan blue). L–
Q, Appressoria. R–T, Microcycle conidiation and conidial anastomosis tubes. U–W, Sclerotia 
(U, sclerotia on leaf; V–W, sections). Scale bars: A–B = 100 µm, C–D = 20 µm, G–I = 5 µm, J–
K = 10 µm, L–Q = 10 µm, R–T = 10 µm, U = 500 µm, V–W = 10 µm. 
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CHAPTER 2: MULTIPLEX REAL-TIME PCR DETECTION AND DIFFERENTIATION 
OF COLLETOTRICHUM SPECIES INFECTING SOYBEAN 
 
Abstract 
Colletotrichum species were isolated from soybean [Glycine max (L.) Merr.] with 
anthracnose symptoms during 2009–2013 in the U.S. states of Alabama, Arkansas, Illinois, 
Mississippi, and North Dakota. Thirty-five strains from 240 isolates were selected and identified 
by morphological characteristics and sequence analyses. Among them, four Colletotrichum 
species were obtained, including C. chlorophyti, C. incanum, C. truncatum, and Colletotrichum 
sp. (referred to within as Glomerella glycines, its sexual stage name). To increase diagnostic 
efficiency and accuracy, real-time multiplex PCR assays based on a double-stranded DNA-
binding dye were designed, using a region of the cytochrome c oxidase subunit 1 (cox1) gene to 
discern these four Colletotrichum species. Two sets of duplex real-time PCR assays were 
established and the differentiation was based upon amplicon melting point temperatures in the 
dissociation curve analysis. The Set 1 duplex assay distinguished C. chlorophyti and G. glycines, 
and the Set 2 duplex assay distinguished C. incanum and C. truncatum. Successful detection was 
achieved with as little as 1 pg DNA. The two duplex real-time PCR assays were used to identify 
more than 200 isolates in a Colletotrichum species collection showing that it was a rapid and 
effective method to detect Colletotrichum species infecting soybean. 
 
Introduction 
Colletotrichum species cause anthracnose on soybean [Glycine max (L.) Merr.] worldwide 
(12) with yield losses ranging from 16% to 100% in Brazil, India, Thailand, and southern areas 
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in the United States (2, 12, 39). The pathogens can infect plants at any growth stage, although 
symptoms may be more apparent when the plants reach maturity, or under humid and warm 
conditions. Typical symptoms include irregularly shaped, brown and black blotches, and sunken 
cankers on the stems, petioles and pods. Infected leaves may be shrunken, rolled, or wilted, and 
may have necrotic laminar veins, resulting in premature defoliation of the plants. Infected seeds 
often become discolored, and may die during germination (12).  
Colletotrichum truncatum is the most commonly reported pathogen that causes soybean 
anthracnose, but Glomerella glycines (asexual stage previously reported as C. destructivum; 
currently being described as a new species based upon DNA sequences; unpublished, pers. 
comm. U. Damm), C. coccodes, C. gloeosporioides (sexual stage, G. cingulata), and C. 
graminicola (sexual stage, G. graminicola) also have been reported to infect soybean (12, 18, 23, 
24, 35). Recently, C. chlorophyti and a new species, C. incanum, were discovered to infect 
soybean (40-42). Among these species, C. graminicola has been infrequently reported on 
soybean, but causes a major disease on maize (22).  
Methods to diagnose and discriminate among Colletotrichum species include utilizing 
morphological characteristics, such as the size and shape of conidia and appressoria, and the 
presence or absence of acervuli, perithecia, setae, and sclerotia. Cultural characteristics including 
colors, textures, and radial growth rates on different culture media are also used for classification 
purposes (1, 29, 30, 35). However, these criteria are not always adequate for reliable 
differentiation because of the variation in morphology caused by field environmental factors 
and/or cultural conditions (media and temperature). In addition, using morphological 
characteristics as the diagnostic method can be time-consuming when identifying numerous 
fungal isolates. 
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The use of molecular technologies like polymerase chain reaction (PCR), restriction 
fragment length polymorphisms, random amplified polymorphic DNA assays, and amplified 
fragment length polymorphisms to enhance detection and provide molecular comparisons of 
Colletotrichum species have been reviewed (33). In addition to the gel electrophoretic 
procedures, real-time PCR has been developed and shown to be a sensitive, reproducible, and 
rapid method of detecting plant pathogens (8, 17, 26). Real-time PCR also enables multiplex 
assays that can detect and quantify different pathogens simultaneously. This technology has 
become an effective tool to specifically detect several Colletotrichum species, such as C. 
acutatum on strawberries and grapevines (7, 10), C. coccodes in soil and on potato tubers (5), C. 
kahawae on coffee (32), and C. lagenarium on cucurbit crops (16). Of the described molecular 
approaches used to detect or distinguish Colletotrichum species in other crops, only a gel-based 
multiplex-PCR method has been used to distinguish C. gloeosporioides and C. truncatum on 
soybean (4).  
Many real-time PCR assays for detecting fungal species have been designed to target the 
rDNA-internal transcribed spacer (ITS) regions. ITS regions are less conserved than coding 
regions, and have been used to detect species divergence, including species of Colletotrichum 
(14, 28, 33). Other regions also may be suitable including one that codes for glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), which has been used for species-specific real-time PCR 
detection of C. kahawae (32). In addition, the mitochondrial cytochrome c oxidase gene, cox1, 
was reported as a phylogenetic marker to speciate soil fungi belonging to Ascomycota and 
Zygomycota with a higher taxonomic resolution than the ITS regions (20). Another advatage of 
using cox1 as a target for detection is that its mRNA can be used as an indicator of metabolic 
activity of the fungal communities in environmental samples (6). Although cox1 has been 
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utilized in phylogentic analyses, its application in real-time PCR diagnostics of fungal species 
has not been reported. 
In this research, more than 200 Colletotrichum isolates from soybean petioles and stems 
bearing signs of the fungus were cultured from 2009 to 2013. Recognizing the sensitivity and 
dispatch of real-time PCR and the utility of the cox1 gene as a marker for distinguishing among 
Ascomycota species, the present study aimed to develop real-time PCR assays using the cox1 
gene to rapidly identify and accurately differentiate Colletotrichum species infecting soybean.  
 
Materials and Methods 
Collection, isolation, and maintenance of Colletotrichum species.  Soybean plants with 
anthracnose symptoms were collected from eight Illinois counties (Champaign, DeKalb, 
Iroquois, Ogle, Sangamon, Warren, Whiteside, and Woodford), three southern states (Alabama, 
Arkansas, and Mississippi), and one northern state (North Dakota), during 2009, 2011, and 2013. 
Symptomatic petioles and stems were surface-disinfested as previously described (40). Briefly, 
1–2-cm pieces were sequentially immersed in sterile water for 5 min, 95% alcohol for 3 min, 
1.2% (w/w) sodium hypochlorite (from commercial bleach) for 5–7 min, and twice in sterile 
water for 3–5 min. The resulting washed pieces were placed on water agar (BD Bacto, Sparks, 
MD) and incubated at room temperature (23  2 C) until fungal colonies developed. Culture 
purity was achieved by single spore isolation from fungal fruiting structures (acervuli and/or 
perithecia) or by hyphal tip culture from mycelia growing on the agar. The pure isolates were 
transferred and maintained on potato dextrose agar (PDA) (BD Difco, Sparks, MD) or acidified 
PDA (APDA) made with 550 µl of 85% (w/w) lactic acid (Fisher Scientific, Fair Lawn, New 
Jersey) per liter PDA, at 24 ± 1 °C under 12 h cool-white fluorescent lighting (45 μmol m-2 s-1). 
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Thirty-five isolates were selected based on morphological classification of cultural 
characteristics (colors and textures on APDA plates) and sequences of rDNA-ITS regions (ITS1, 
5.8S, ITS2) amplified with ITS 1 and ITS4 primers (38) as previously described (40).  
DNA extraction, amplification, and sequencing of the cox1 gene.  Total fungal DNAs of 
the isolates were extracted from 10–14 day-old mycelia grown on PDA, using the FastDNA Spin 
Kit and FastPrep instrument (MP Biomedicals, Solon, OH). Primers coxu1 and coxr1 (20) were 
used to amplify the cox1 gene. The PCR reactions, using the Phusion High-fidelity PCR Kit 
(New England Biolabs, Inc), were performed in a PTC-100 Programmable Thermal Controller 
(MJ Research, Inc, Watertown, MA) with an initial denaturation step of 98 °C for 30 s, followed 
by 35 cycles of 10 s at 98 °C, 30 s at 53 °C, and 30 s at 72 °C, and a final extension step of 72 °C 
for 7 min. The amplification products were purified using the E.Z.N.A MicroElute Cycle Pure 
Kit (Omega Bio-Tek, Inc., Norcross, GA) and delivered to the core DNA sequencing facility of 
the Roy J. Carver Biotechnology Center (University of Illinois, Urbana, IL) for sequencing using 
the same primer pair. Nucleotide sequences were aligned using Clustal W (34) implemented in 
BioEdit v7.1.3 (11). 
Real-time PCR primer design and reactions.  Two isolates were selected from each 
Colletotrichum species (C. chlorophyti, C. incanum, C. truncatum, and G. glycines) for cox1 
sequence alignments. Real-time PCR primers were designed using Beacon Designer software 
(Premier Biosoft, Palo Alto, CA) for dye binding assays according to the differences among the 
alignments of the four species. For the purpose of multiplex real-time PCR, primer pairs were 
designed to specifically detect each species and to have unique product melting point 
temperature (Tm) values predicted by the software. The four primer pairs corresponding to the 
four Colletotrichum species are shown in Table 2.1, and their positions in the aligned sequences 
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are shown in Fig. 2.1. Real-time PCR reactions were prepared using a ready-to-use mixture, 
SsoFast EvaGreen Supermix with low ROX (Bio-Rad, Hercules, CA). Each 20 µl real-time PCR 
reaction contained 1x EvaGreen Supermix, 200 nM of each primer, and 100 pg of each fungal 
DNA. The reactions were performed using a Stratagene Mx3005p qPCR thermal cycler (Agilent 
Technologies, Santa Clara, CA) with the following program: a cycle of denaturation at 95 °C for 
2 min, 30 cycles of 95 °C for 10 s and 55 °C for 30 s with an endpoint detection of fluorescence 
intensity in each cycle. A subsequent denaturation at 95 °C for 1 min, and annealing at 65 °C for 
30 s was followed by a gradual ramp to 95 °C with continuous detection of fluorescence to 
monitor strand dissociation. The real-time instrument calculated and charted the negative first 
derivative of raw fluorescence as a function of increasing temperature, to produce one or more 
sharp peaks at the Tm of amplification products, where dsDNA transitioned to ssDNA. 
Multiplex real-time PCR assays.  Quadruplex real-time PCR was performed by mixing 
four primer pairs (Table 2.1) in a reaction (200 nM each), with DNA (100 pg) of individual 
representative isolate. The reactions were prepared and run as described above. Two sets of 
duplex real-time PCR were tested by separating the quadruplex into two duplex assays: Set 1 
was designed to specifically detect C. chlorophyti and G. glycines; Set 2 was designed to 
specifically detect C. incanum and C. truncatum. The reaction mixtures were separately prepared 
and real-time PCRs and dissociation curve analyses were performed as described above. DNA 
(100 pg) of each representative isolate IL1A (C. chlorophyti), IL6A (C. incanum), IL15B (C. 
truncatum), and IL18A (G. glycines) was tested in both assays. The average Tm value of each 
representative isolate was calculated based on the results of 12 independent tests. 
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Sensitivity and specificity of the duplex real-time PCR assays. To test the assay 
sensitivity, the DNAs of the representative isolates (IL1A, IL6A, IL15B, and IL18A) were 
diluted. For each isolate, 1000, 100, 10, 1, and 0.1 pg were tested, with two technical replicates.  
Thirty-five isolates identified with ITS and cox1 sequences and belonging to the above 
Colletotrichum species were then used to validate assay specificity (Table 2.2). Other 
Colletotrichum species including C. coccodes (from soybean), C. gloeosporioides (from 
soybean), C. acutatum (from chili pepper), and C. orbiculare (from watermelon), and other 
unrelated fungal pathogens of soybean were also tested, including species of Cercospora, 
Fusarium, Macrophomina, and Diaporthe/Phomopsis (Table 2.2). 
Detection of mixed Colletotrichum samples inoculated on soybean detached leaves.  To 
evaluate the real-time PCR assays to detect and quantify mixed Colletotrichum species DNA 
from environmental samples, detached soybean leaves were inoculated with multiple 
Colletotrichum isolates.  
Soybean cultivar Williams 82 plants (susceptible to anthracnose) were grown in a 
controlled environment chamber (Percival, Model PGC40L2, Perry, Iowa) at 25 °C with a 12 h 
photoperiod (350 mol m-2 s-1). Leaflets from trifoliate leaves were collected at the growth stage 
V2–V3 and placed (adaxial side up) on moist paper toweling in clear clamshell boxes (No. 3167, 
Andex Industries, Escanaba, MI). Each box accommodated six to eight leaflets.  
To prepare the inoculum, four Colletotrichum isolates, IL1A (C. chlorophyti), IL6A (C. 
incanum), IL15B (C. truncatum), and IL18A (G. glycines) were cultured in APDA for 14 days at 
25C in the dark, after which eight 4 mm-diameter agar discs were transferred to 50 ml potato 
dextrose broth (PDB, BD Difco) in 250 ml flasks. The liquid cultures were incubated and shaken 
at 100 rpm (Orbit Shaker No. 3590, Lab-Line Instruments, Melrose Park, IL) at room 
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temperature for 5 days. To prepare inoculum, fungal mycelium of each isolate was pulled from 
the shake-culture, pressed to expel liquid, weighed (moist), and placed in sterile distilled water to 
a final concentration of 100 mg/ml. The mycelial suspensions were then fragmented with a 
blender (Waring Laboratory, Model 31BL92, Torrington, CT) at low speed for one min, with a 
30 s pause halfway through, to reach homogeneity.  
Detached leaflets were inoculated by adding drops of inoculum on the interveinal lamina at 
two sites per leaflet. Each inoculation site on a leaflet was an experimental unit. Mixed 
inoculations were performed by adding 10 µl of different inocula at the same site. The 
combinations of mixed inocula included: [1A+6A+15B], [1A+6A+18A], [1A+15B+18A], 
[6A+15B+18A], and [1A+6A+15B+18A]. Every combination was added as three replications 
randomly arranged on the leaflets. After inoculation, the boxes were incubated in the same 
controlled environment chamber as previously described at 25 °C in the dark for the first 18 h. 
After 10 d incubation, the inoculated area on each leaflet was excised with a 7-mm-diameter cork 
borer and total DNAs were extracted using the FastDNA Spin Kit according to the 
manufacturers’ instructions. Each resulting DNA was adjusted to 2 ml with sterile deionized 
water and 1–2 µl was assayed by duplex real-time PCR. 
Identification of Colletotrichum isolates by real-time PCR.  Duplex real-time PCR 
assays were used to detect and differentiate 205 Colletotrichum isolates that had not been 
identified by sequence analysis. Isolates were incubated on APDA plates for 10 to 14 days before 
mycelial DNAs from the colony were extracted as previously described. DNA of each isolate 
was subjected to the duplex real-time PCR assays, with DNA from IL1A, IL6A, IL15B, and 
IL18A isolates used as controls in parallel. The identification of each isolate was achieved by 
comparing the Tm produced by the dissociation curves with those of the controls. 
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Phylogenetic analysis.  A phylogenetic tree was constructed from the partial cox1 
sequences that were used for designing the real-time PCR assays. Cox1 sequences of 21 isolates, 
including the four Colletotrichum species studied herein and another four Colletotrichum species 
(C. acutatum, C. coccodes, C. gloeosporioides, and C. orbiculare) selected in Table 2.2, were 
aligned using BioEdit v7.1.3 as described above. The alignment was then imported into MEGA 5 
software for maximum likelihood (ML) phylogenetic analysis (31). The best nucleotide 
substitution model was tested in MEGA 5, and T92 + G (Tamura 3-parameter + Gamma 
distribution) was selected because of its lowest BIC (Bayesian Information Criterion) score 
among all models. A ML tree was constructed using all nucleotide sites with the T92 + G model 
and NNI (nearest-neighbor-interchange) as the ML heuristic method. The robustness of the tree 
was estimated with 1,000 bootstrap replications.  
 
Results 
Fungal collection.  A total of 240 Colletotrichum isolates were purified and cultured: 13 
isolates from Alabama, 3 isolates from Arkansas, 204 isolates from Illinois, 1 isolate from 
Mississippi, and 19 isolates from North Dakota. Among them, 35 isolates from four species, C. 
chlorophyti, C. incanum, C. truncatum, and G. glycines, were selected based on their 
morphological classification and ITS sequences. The origin, host, and real-time PCR results of 
these isolates and other fungal isolates were summarized (Table 2.2). 
Real-time PCR.  The primers designed specifically for detecting four Colletotrichum 
species (Table 2.1) and their dissociation curve analyses in singleplex real-time PCR (Fig. 2.2) 
showed that each primer pair amplified a single product for its target species and no product for 
the other three species, indicating the specificity of the primer pairs to their corresponding 
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Colletotrichum species. In addition, the peaks in dissociation curves of the amplicons from the 
four, singleplex real-time PCR assays showed unique Tm values, adequate for identification (Fig. 
2.2).  
When the four primer pairs were mixed together for quadruplex real-time PCR, the 
dissociation curve of G. glycines exhibited multiple peaks whereas the other three primer sets 
produced single peaks (Fig. 2.3), similar to those found in singleplex assays. In addition, the Tm 
values of C. chlorophyti (75.36 ± 0.25 °C) and C. incanum (75.79 ± 0.23 °C) were close to each 
other even though they had distinct peaks. To reduce the multiple peaks produced by G. glycines 
and to increase the differentiation of the closer peaks of C. chlorophyti and C. incanum, the 
quadruplex was divided into two sets of duplex real-time PCR. Set 1 detected C. chlorophyti and 
G. glycines, and Set 2 detected C. incanum and C. truncatum. Representative isolates IL1A, 
IL6A, IL15B, and IL18A tested in the two duplex assays showed single peaks and specificity to 
their expected species (Fig. 2.4). The specific Tm values for each species were: 75.36 ± 0.25 °C 
for C. chlorophyti and 71.63 ± 0.22 °C for G. glycines in Set 1; 75.79 ± 0.23 °C for C. incanum 
and 77.39 ± 0.34 °C for C. truncatum in Set 2. 
Sensitivity and specificity of the duplex real-time PCR assays.  Detection sensitivity of 
the two duplex real-time PCR assays (Table 2.3) showed that in the Set 1 assay, C. chlorophyti 
and G. glycines both were detectable when the amount of DNA in the reaction was at least 1 pg. 
In the Set 2 assay, C. incanum was detectable when the amount of DNA added to the reaction 
was at least 1 pg; detection of C. truncatum was somewhat more sensitive, as weak amplification 
was observed for 0.1 pg late in the PCR cycle (Ct = 29.92; Table 2.3). All standard curves of the 
four Colletotrichum species exhibited efficiencies of greater than 90% (Fig. 2.5).  
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The specificity of the duplex assays was validated with sequence-identified Colletotrichum 
isolates and other fungal species (Table 2.2). All of the isolates in the collection that belonged to 
C. chlorophyti, C. incanum, C. truncatum or G. glycines were identified correctly by the two 
duplex assays. However, one ATCC strain of C. gloeosporioides was also detected in Set 1 with 
the same Tm as G. glycines. Colletotrichum coccodes was detectable in both duplex assays but it 
could be distinguished from the four representative Colletotrichum species because of its Tm 
values (average 72.13 °C in Set 1 and 75.70 °C in Set 2). Colletotrichum acutatum was weakly 
detected in Set 2, but only after 29 cycles, and it had a unique Tm value (76.60 °C) that was 
different from C. incanum and C. truncatum. Colletotrichum orbiculare was not detected in 
either Set 1 or Set 2 assays. Other fungal isolates tested in this study had no amplified products 
or had peaks with different Tm values in dissociation curves that could be separated from the four 
Colletotrichum species (Table 2.2).  
Mixed Colletotrichum samples tested using the duplex real-time PCR assays.  The 
dissociation curve analysis showed that when C. chlorophyti (isolate 1A) was mixed with C. 
incanum (isolate 6A) and C. truncatum (isolate 15B), C. chlorophyti produced the expected peak 
with the correct Tm value in Set 1 (Fig. 2.6A); however, the peaks of C. incanum and C. 
truncatum in Set 2 were often mixed together, resulting in a broader peak with a Tm between 
isolates 6A and 15B (Fig. 2.6B). When G. glycines (18A) was mixed with C. incanum (6A) and 
C. truncatum (15B), G. glycines was correctly detected in Set 1 (Fig. 2.6C) but the Tm peaks of 
C. incanum and C. truncatum in Set 2 overlapped (Fig. 2.6D).  
When C. incanum (6A) was mixed with C. chlorophyti (1A) and G. glycines (18A), C. 
incanum was correctly detected in Set 2 (Fig. 2.6F) whereas the Tm peak of G. glycines in Set 1 
was dramatically decreased and only the peak of C. chlorophyti was obvious (Fig. 2.6E). 
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Similarly, when C. truncatum (15B) was mixed with C. chlorophyti (1A) and G. glycines (18A), 
C. truncatum and C. chlorophyti were correctly detected in Set 1 and Set 2, respectively, but the 
Tm peak of G. glycines in Set 1 was greatly diminished (Fig. 2.6G–H). The same phenomenon 
was also observed when mixing all four isolates together for detection: C. chlorophyti formed a 
major peak while G. glycines had a much weaker signal in Set 1 (Fig. 2.6I); C. incanum and C. 
truncatum were indistinguishable by forming a mixed and wider peak in Set 2 (Fig. 2.6J). 
Identification of Colletotrichum collection with real-time PCR.  In addition to the 
representatives and the sequenced isolates, 205 isolates initially classified as Colletotrichum 
species by visual observation (formation of acervuli and/or perithecia and the cultural 
characteristics) were successfully identified at the species level using two duplex real-time PCR 
assays. In summary, of 240 isolates, 107 (44.6%) were identified as G. glycines or C. 
gloeosporioides, 83 as C. incanum (34.6%), 24 as C. truncatum (10%), 23 as C. chlorophyti 
(9.6%), and 3 as C. coccodes (1.3%) (Table 2.4). Among the 204 isolates collected in Illinois, 
nearly 50% were G. glycines or C. gloeosporioides, 30% were C. incanum, 8% were C. 
chlorophyti, and 7% were C. truncatum. All three C. coccodes isolates were from North Dakota.  
Phylogenetic analysis.  The phylogenetic tree based on cox1 sequences from 21 
Colletotrichum isolates (eight species) delimited a cladistic boundary (Fig. 2.7). Colletotrichum 
coccodes and C. incanum were grouped with a bootstrap value of 88 and then grouped with C. 
acutatum to form a larger clade with a bootstrap value of 98, indicating that the three species 
were more closely related than the other species tested. Both C. chlorophyti and C. truncatum 
formed individual clades with bootstrap values of 99 and 97, respectively. Glomerella glycines 
isolates grouped together with a bootstrap value of 100. However, the ATCC strain of C. 
gloeosporioides further formed a clade with G. glycines with a bootstrap value of 97. The high 
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similarity of the cox1 regions of these two species made the real-time PCR assay (the duplex Set 
1) unable to differentiate them. The cox1 sequence of C. orbiculare was different from all the 
others and thus it was considered as an outgroup.  
 
Discussion 
Four Colletotrichum species, identified by morphological characteristics and sequence 
analyses, were found to infect soybean plants. Real-time multiplex PCR assays using cox1 gene 
discerned these four Colletotrichum species. Two sets of duplex real-time PCR assays based 
upon amplicon melting point temperatures distinguished C. chlorophyti and G. glycines, and 
distinguished C. incanum and C. truncatum. The two duplex real-time PCR assays were used to 
identify more than 200 isolates in the Colletotrichum species collection showing that it was a 
rapid and effective method to identify Colletotrichum species infecting soybean. 
A probe-based quantitative PCR assay using ITS region sequences has been previously 
developed to detect and quantify members of the Colletotrichum genus (J. S. Haudenshield, 
unpublished data); however, the present study focused on differentiating among Colletotrichum 
species infecting soybean. The differences in ITS sequences among four Colletotrichum species 
(C. chlorophyti, C. incanum, C. truncatum, and G. glycines) did not produce a suitable real-time 
PCR primers for all of them. Divergent sequences were not found among cox1 gene for the four 
Colletotrichum species to permit the design of a probe-based assay such as Taqman; however, an 
intercalating dsDNA dye-binding assay (EvaGreen) differentiated the species by comparing Tm 
estimations in dissociation curve analyses. The real-time PCR assays yielded qualitative rather 
than quantitative results, because dye-binding assays do not differentiate between amplicons, 
except when using a single isolate.  
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EvaGreen dye is stable, sensitive and reproducible for dsDNA detection (25). In 
preliminary tests of real-time PCR using EvaGreen and SYBR Green (Life Technologies, Grand 
Island, NY), the amplification signals and dissociation peaks detected in SYBR Green assays 
were not as strong and sharp as those in EvaGreen assays (data not shown), indicating the higher 
detection sensitivity with EvaGreen dye. This was also found previously when comparisons of 
EvaGreen-based and SYBR Green I-based real-time qPCR assays were compared and EvaGreen 
assays showed better reproducibility, peak resolution, and effect of PCR inhibition (higher 
tolerance of dye concentration) than SYBR Green I assays (15, 19). 
An alternative multiplex method explored tripleplex real-time PCR combining primers 
targeting C. chlorophyti, C. incanum, and C. truncatum as correct detection was not impacted 
with this primer combination shown in the quadruplex real-time PCR (Fig. 2.3), and G. glycine 
could be assayed separately in that it has straight conidia and forms perithecia that are different 
from the other three species (18). Colletotrichum chlorophyti, C. incanum, and C. truncatum all 
have curved conidia and similar morphological characteristics that are not easily distinguished by 
visual examination (40-41). Colletotrichum truncatum has been most commonly attributed as the 
soybean anthracnose pathogen (12). However, the present study showed that C. incanum 
accounted for one-third of the Illinois isolates, with fewer isolate of C. truncatum and C. 
chlorophyti. To further elucidate their association with soybean anthracnose and appraise the 
economic impact, the triplex real-time PCR assay could be a useful augmentation to visual 
examination for distinguishing these species.  
 Because of sequence similarities, several other fungi tested here were also detectable in the 
real-time PCR assays. However, except C. gloeosporioides, their amplification was weak (Ct 
came > 29 cycles) and/or their dissociation peak Tm's differed. Although the Set 1 duplex real-
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time PCR assay was designed to differentiate C. chlorophyti and G. glycines, the result showed 
the assay also differentiated C. chlorophyti from C. gloeosporioides in that C. gloeosporioides 
had the same Tm value as G. glycine. Glomerella glycines and C. gloeosporioides were both 
reported to infect soybean (12). Glomerella glycines has aparaphysate perithecia and long 
allantoid ascospores while C. gloeosporioides has paraphysate perithecia and short cylindrical 
ascospores (18, 35). In addition to morphological differences, they can be differentiated by 
sequence analysis. Thus these two species are readily differentiated, though not by our multiplex 
assays.  
A limitation of the real-time PCR assays was they did not distinguish Colletotrichum 
samples when C. chlorophyti and G. glycines were mixed or when C. incanum and C. truncatum 
were mixed. Possible explanations include interactions of the mixed genomic DNA combinations 
that affected primer annealing or reaction efficiency. In addition to extracting mixed fungal 
DNAs from inoculated detached leaves, a real-time PCR test of directly mixing DNAs of the 
four Colletotrichum species resulted in similarly mixed peaks in the Set 2 assay but only the one 
major peak of C. chlorophyti in the Set 1 assay (data not shown). Because field samples can have 
more than one Colletotrichum species present, the current real-time PCR assays may not be 
suitable for field diagnostics.  
In spite of the limitation, the real-time PCR assays detected and distinguished individually 
purified Colletotrichum isolates. They can serve as useful tools when a specific Colletotrichum 
species isolated from soybean requires identification. Moreover, since the assays were designed 
based on the mitochondrial cox1 gene, they could be adapted and used to determine the 
metabolic activity of the live fungus as well as to monitor the infection progress of the target 
species using reverse transcription real-time PCR.  
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The cox1 gene has been widely used for animal DNA barcoding for its good taxonomic 
resolution (13). Although cox1 was also reported to be good at resolving the phylogeny of 
Ascomycota and Zygomycota (20), it was not suitable for Basidiomycota phylogenetic analysis 
(9, 37) and has been excluded as a universal barcoding marker for fungi because of its difficulty 
in amplifying DNA from some species, lower divergence, and the existence of large introns (3, 
27). The present study showed that the cox1 gene successfully grouped Colletotrichum spp. at 
the species level in the phylogenetic tree and the EvaGreen-based real-time PCR assays were 
successfully established according to the differences among the sequences. The results suggest 
that cox1 remains a useful candidate target for detecting fungi in PCR assays as long as 
appropriate primers can be designed. 
With the two duplex real-time PCR assays, more than 200 Colletotrichum isolates collected 
from soybean in several U.S. states were identified to species. It was interesting to note that C. 
coccodes was only found in North Dakota and not in other states. Colletotrichum coccodes is 
known to be a common pathogen of potato, causing potato black dot (36). North Dakota 
produces about 5% of the total annual U.S. potato crop (21), and it is likely that the fields where 
C. coccodes was recovered from soybeans had potatoes growing in the past. Further research is 
needed to determine if C. coccodes would be more of a problem in cropping systems rotated with 
potatoes and soybeans.   
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Tables 
 
Table 2.1.  Primer sequences designed for EvaGreen-based real-time PCR assays based on 
partial cox1 gene to differentiate Colletotrichum chlorophyti, C. incanum, C. truncatum, and 
Glomerella glycines 
 
PCR 
duplex Target Primer Orientation Primer sequence 5'→3' 
Product 
size 
(bp) 
Product 
Tm (°C) 
Set 1 
C. chlorophyti 
cox1AF Forward CCTGGTATAAGATTACATAAG 
115 75.36 ± 0.25 cox1AR Reverse CTGTAAGTACCATAGTAATTG 
G. glycines 
cox18AF Forward ACATTTATCAGGAGTAAGTAG 
77 71.63 ± 0.22 cox18AR Reverse TTCCAGGTGTTCTCATAT 
Set 2 
C. incanum 
cox6AF-2 Forward ATGAACATTATATCCTCCTT 
115 75.79 ± 0.23 cox6AR-2 Reverse ATTAACTGCTCCTAATAAAC 
C. truncatum 
cox15BF Forward TTATGCCAGCCTTAATAG 
117 77.39 ± 0.34 cox15BR Reverse AAGATGGTGGTAATAATCA 
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Table 2.2.  Colletotrichum and other fungal isolates used for the study with their hosts, origins, 
and real-time PCR detection results 
 
Species Isolate Host  Origin 
Real-time PCR 
detection  Product Tm 
(oC) 
Set 1 Set 2 
Colletotrichum species             
C. chlorophyti IL1A* Glycine max IL + − 75.25 
  IL2A G. max IL + − 75.20 
  IL3A G. max IL + − 75.20 
  IL4A G. max IL + − 75.20 
  IL31 G. max IL + − 76.10 
  MS1 G. max MS  + − 76.15 
  AL0 G. max AL  + − 75.65 
C. incanum IL6A* G. max IL  − + 75.60 
  IL7A G. max IL  − + 75.65 
  IL8A G. max IL  − + 75.65 
  IL9A G. max IL  − + 75.60 
  IL10A G. max IL  − + 75.80 
  IL11A G. max IL  − + 75.75 
  IL12A G. max IL  − + 75.75 
  IL13A G. max IL  − + 75.65 
  IL14A G. max IL  − + 75.60 
  IL29 G. max IL  − + 75.65 
  IL30 G. max IL  − + 75.60 
  IL32 G. max IL  − + 75.75 
  IL33 G. max IL  − + 75.75 
  AR3 G. max AR  − + 75.70 
C. truncatum IL15B* G. max IL  − + 77.10 
  IL16D G. max IL  − + 77.10 
  IL28C G. max IL  − + 77.15 
  AR2 G. max AR  − + 77.10 
G. glycines IL18A* G. max IL  + − 71.60 
  IL19A G. max IL  + − 71.65 
  IL20A G. max IL  + − 71.60 
  IL21A G. max IL  + − 71.60 
  IL22A G. max IL  + − 71.60 
  IL23A G. max IL  + − 71.10 
  IL24A G. max IL  + − 71.70 
  IL25A G. max IL  + − 71.65 
  IL26A G. max IL  + − 71.65 
  IL27B G. max IL  + − 71.60 
C. gloeosporioides ATCC58222 G. max IL  + − 71.70 
C. coccodes ND1 G. max ND  + + 72.15 in Set 1; 75.75 in Set 2 
  ND3 G. max ND  + + 72.10 in Set 1; 75.65 in Set 2 
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Table 2.2.  (Cont.) 
Species Isolate Host  Origin 
Real-time PCR 
detection  Product Tm 
(oC) 
Set 1 Set 2 
C. acutatum Cacu1 Capsicum   − + 76.60 in Set 2 
C. orbiculare Corb1 Citrullus   − − N/A 
              
Other fungi             
Cercospora kikuchii AR191 G. max AR  − − N/A 
Fusarium virguliforme Mont1 G. max   + + 71.30 in Set 1; 77.85 in Set 2 
Macrophomina 
phaseolina  Pinetree G. max AR  − − N/A 
Phomopsis longicolla ATCC60325 G. max OH  − + 79.35 
Diaporthe phaseolorum 
var. caulivora ATCC28484 G. max OH  − + 79.35 
Diaporthe phaseolorum 
var. meridionalis ATCC200236 G. max GA  − + 79.85 
Diaporthe phaseolorum 
var. sojae ATCC28463 G. max OH  − + 78.85 
*: Representative isolates used for primer design 
+: detectable; −: no amplified product 
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Table 2.3.  Detection sensitivity of the four Colletotrichum species in the two duplex real-time 
PCR assays. Successful detection was achieved when the DNA amount was ≥ 1 pg for all 
species.   
 
PCR 
duplex 
Species        
(isolate) 
DNA   
(pg) 
Threshold 
(dRn) 
Ct 
(dRn) 
Tm Product 
(oC) 
Set 1 
C. chlorophyti    
(IL1A) 
100 0.1771 20.37 75.85 
10 0.1771 23.97 75.35 
1 0.1771 27.43 75.33 
0.1 0.1771 No Ct − 
0.01 0.1771 No Ct − 
H2O 0.1771 No Ct − 
G. glycines       
(IL18A) 
100 0.1771 21.7 71.85 
10 0.1771 25.23 71.85 
1 0.1771 28.38 71.80 
0.1 0.1771 No Ct − 
0.01 0.1771 No Ct − 
H2O 0.1771 No Ct − 
Set 2 
C. incanum       
(IL6A) 
100 0.1771 21.07 75.85 
10 0.1771 24.66 75.85 
1 0.1771 27.89 75.83 
0.1 0.1771 No Ct − 
0.01 0.1771 No Ct − 
H2O 0.1771 No Ct − 
C. truncatum     
(IL15B) 
100 0.1771 19.85 77.85 
10 0.1771 23.1 77.35 
1 0.1771 26.76 77.85 
0.1 0.1771 29.92 77.85 
0.01 0.1771 No Ct − 
H2O 0.1771 No Ct − 
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Table 2.4.  Summary of the amount of Colletotrichum isolates collected from five states and 
identified using two duplex real-time PCR assays 
 
Colletotrichum sp. 
State 
Total % AL AR IL MS ND 
G. glycines or             
C. gloeosporioides 2 0 104 0 1 107 44.6 
C. incanum 0 1 67 0 15 83 34.6 
C. truncatum 8 1 15 0 0 24 10.0 
C. chlorophyti 3 1 18 1 0 23 9.6 
C. coccodes 0 0 0 0 3 3 1.3 
Total 13 3 204 1 19 240 100 
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10 20 30 40 50 60 70 80
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
IL1A(C.chlorophyti) GGTACAGCTTTCTCTGTATTAATAAGATTAGAATTAAGTGGACCAGGTGTTCAATATATTTCGGATAACCAATTATATAA
IL2A(C.chlorophyti) ................................................................................
IL6A(C.incanum) ..............................................................A.................
IL9A(C.incanum) ..............................................................A.................
IL15B(C.truncatum) ................................G.............................T.................
IL16D(C.truncatum) ................................G.............................T.................
IL18A(G.glycines) ..G.........................................G.................A.................
IL26A(G.glycines) ..G.........................................G.................A.................
ATCC58222(C.gloeosporioides) ........C..............T...................................C..T.................
90 100 110 120 130 140 150 160
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
IL1A(C.chlorophyti) TAGTATAATTACAGCGCACGCCATATTAATGATATTCTTTATGGTTATGCCTGCATTAATAGGAGGTTTTGGTAACTTTT
IL2A(C.chlorophyti) ................................................................................
IL6A(C.incanum) ...............A..T..T...C.T.......................G........T.................C.
IL9A(C.incanum) ...............A..T..T...C.T.......................G........T.................C.
IL15B(C.truncatum) C........A.....A.....T.............................A..C....................T..C.
IL16D(C.truncatum) C........A.....A.....T.............................A..C....................T..C.
IL18A(G.glycines) .........A.....A.....T.................C...........A....................G..T..CC
IL26A(G.glycines) .........A.....A.....T.................C...........A....................G..T..CC
ATCC58222(C.gloeosporioides) .........A...........T.................C...........A...........G...........T..CC
170 180 190 200 210 220 230 240
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
IL1A(C.chlorophyti) TAATGCCTTTAATGGTAGGAGGGCCTGATATGGCATTCCCTAGATTAAATAATATAAGTTTCTGATTATTACCACCTAGT
IL2A(C.chlorophyti) ................................................................................
IL6A(C.incanum) ...................T..A.................A...........C............C.......T......
IL9A(C.incanum) ...................T..A.................A...........C............C.......T......
IL15B(C.truncatum) ...................T..............T.................C.......................ATC.
IL16D(C.truncatum) ...................T..............T.................C.......................ATC.
IL18A(G.glycines) .T.................T........C.....T.................C............C..............
IL26A(G.glycines) .T.................T........C.....T.................C............C..............
ATCC58222(C.gloeosporioides) .T.................T........C.....T.................C............C..............
250 260 270 280 290 300 310 320
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
IL1A(C.chlorophyti) TTAATACTATTAGTATTCTCTGCATGTATAGAAGGTGGAGTTGGTACAGGTTGAACTTTATACCCTCCTTTATCAGGATT
IL2A(C.chlorophyti) ................................................................................
IL6A(C.incanum) ........................................C.........A.....A.....T...........T.....
IL9A(C.incanum) ........................................CA........A.....A.....T...........T.....
IL15B(C.truncatum) ......T..........................................................A...........G..
IL16D(C.truncatum) ......T..........................................................A...........G..
IL18A(G.glycines) .......................C.................A..A...................................
IL26A(G.glycines) .......................C.................A..A...................................
ATCC58222(C.gloeosporioides) ...................................G..G.........................................
15BF 
15BR 
6AF‐2 
Figures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.1.  Real-time PCR primer positions on the aligned sequences of four Colletotrichum 
species (C. chlorophyti, C. incanum, C. truncatum, G. glycines). Each species contained two 
isolates for alignment. A strain of C. gloeosporioides was also included for comparison. The first 
sequence (IL1A) was used as a standard. The other sequences that had identical nucleotides as 
IL1A were plotted in dots. 
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330 340 350 360 370 380 390 400
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
IL1A(C.chlorophyti) ACAAAGTCATAGTGGACCTAGTGTAGATTTAGCTATATTTGCTTTACATTTATCTGGAGTAAGTAGTTTATTAGGATCTA
IL2A(C.chlorophyti) ................................................................................
IL6A(C.incanum) .........................................................G..................G.AG
IL9A(C.incanum) .........................................................G..................G.AG
IL15B(C.truncatum) ........................T.......................................................
IL16D(C.truncatum) ........................T.......................................................
IL18A(G.glycines) ........................T..C..........................A.........................
IL26A(G.glycines) ........................T..C..........................A.........................
ATCC58222(C.gloeosporioides) ........................T..C....................................................
410 420 430 440 450 460 470 480
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
IL1A(C.chlorophyti) TTAACTTTATTACTACAGTTGTAAACATGAGAACTCCTGGTATAAGATTACATAAGTTAGCTTTATTTGGATGAGCTGTA
IL2A(C.chlorophyti) ................................................................................
IL6A(C.incanum) ....T..............A.....T...........G.................A........................
IL9A(C.incanum) ....T..............A.....T...........G.................A........................
IL15B(C.truncatum) .....................................A.................A........................
IL16D(C.truncatum) .....................................A.................A........................
IL18A(G.glycines) .A.......................T........A.....A...........C..A........................
IL26A(G.glycines) .A.......................T........A.....A...........C..A........................
ATCC58222(C.gloeosporioides) .A................................A........T...........A........................
490 500 510 520 530 540 550
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | .
IL1A(C.chlorophyti) GTTATAACAGCTGTATTATTATTATTATCTTTACCTGTACTTGCAGGAGCAATTACTATGGTACTTACAGATAGAA
IL2A(C.chlorophyti) ............................................................................
IL6A(C.incanum) ...........A..........................TT.A..T....GT.....A.....TT.A..........
IL9A(C.incanum) ...........A..........................TT.A..T....GT.....A.....TT.A..........
IL15B(C.truncatum) ..............G.......................TT.A..T....GT.....A.....TT.A..........
IL16D(C.truncatum) ..............G.......................TT.A..T....GT.....A.....TT.A..........
IL18A(G.glycines) .................................................G...C........T.............
IL26A(G.glycines) .................................................G...C........T.............
ATCC58222(C.gloeosporioides) ............................................G....G...C........T.............
6AR‐2 
18AF 
18AR 
1AF 
1AR 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 2.1.  (Cont.) 
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Fig. 2.2.  Dissociation curves of four Colletotrichum species using singleplex real-time PCR. 
The designed primer pairs are shown to specifically detect their corresponding Colletotrichum 
species. 
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Fig. 2.3.  Dissociation curves of four Colletotrichum species using quadruplex real-time PCR.  
Whereas Glomerella glycines shows multiple peaks, the other three species show only single 
peaks. 
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Fig. 2.4.  Dissociation curves of two duplex real-time PCR assays, each detecting two 
Colletotrichum species. A, Set 1 detects C. chlorophyti and Glomerella glycines. B, Set 2 detects 
C. incanum and C. truncatum. 
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Fig. 2.5.  Standard curves and detection efficiency (Eff.) of the four representative isolates 
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Fig. 2.6.  Dissociation curves of mixed DNA samples using the two duplex real-time PCR. Each 
assay contained standards for comparison. In Set 1, standards were shown in orange (1A, 
Colletotrichum chlorophyti) and green (18A, Glomerella glycines); in Set 2, standards were 
shown in blue (6A, C. incanum) and red (15B, C. truncatum).  
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Fig. 2.7.  Maximum likelihood phylogenetic tree of the partial cox1 gene from 21 isolates 
consisting of eight Colletotrichum species. The numbers at nodes indicate bootstrap support 
values with 1,000 replications. Only bootstrap values above 70% are shown. 
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CHAPTER 3: INOCULATION METHODS AND EVALUATION OF SOYBEAN 
GENOTYPES FOR ANTHRACNOSE RESISTANCE 
 
Abstract   
Anthracnose of soybean [Glycine max (L.) Merr.] occurs throughout the soybean 
production areas of the world. There is little information on evaluating inoculation techniques or 
on assessing soybean germplasm for resistance. The objectives of this study were to develop a 
standardized inoculation technique for evaluating soybeans for resistance to anthracnose and to 
use this technique to evaluate previously reported anthracnose resistant soybean genotypes and a 
set of ancestral genotypes of modern day soybean cultivars. To develop a standardized 
inoculation technique, the type of inoculum (conidia vs. mycelia), duration of wetness of 
inoculated plants, and the age of inoculated plants were evaluated. Plants inoculated with either 
mycelial or conidial suspensions had similar anthracnose severity. Plants inoculated with 
mycelial suspensions had greater anthracnose severity when kept wet for 48 or 72 h than 24 h. In 
the re-evaluation test of previously assessed soybean genotypes, Mandarin, Mandarin 507, and 
Mandarin (Ottawa) had the greatest (P < 0.05) level of resistance compared to the other 
genotypes except for Early White Eyebrow that appeared to be as resistant as Mandarin 
(Ottawa). Among the 14 ancestral lines tested, Mandarin had lowest disease rating, although it 
did not differ from Mandarin (Ottawa), CNS, Roanoke, Richland, and Mukden. This study 
provided a descriptive method to inoculate soybean plants and to identify soybean genotypes 
with resistance to anthracnose. 
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Introduction 
Anthracnose of soybean [Glycine max (L.) Merr.], mainly caused by Colletotrichum 
truncatum (Schw.) Andrus & W. D. Moore, occurs throughout the soybean production areas of 
the world and was reported to be more prevalent under wetter and warmer conditions (13). 
Soybean plants can be infected at any stage of development. Yield reduction from anthracnose 
has been reported in Asia, Europe, and South and North America (2, 13, 33, 34). Natural 
infection of C. truncatum was reported to cause up to 26% yield loss in the southern area of the 
USA (2). In 2003 based on reports from 15 southern states in the USA, anthracnose was ranked 
as the third most important disease in terms of monetary losses behind soybean cyst nematode 
and frogeye leaf spot averaged (33). 
Colletotrichum truncatum survives in soybean debris and is seedborne (13, 27). During the 
growing season, acervuli produce spores that are rain splashed and land on plant tissues. The 
penetration and infection process include spore germination, appressoria development, formation 
of infection pegs, hyphal colonization, and acervuli production in infected tissue within 72 h 
after inoculation under controlled conditions (23).  
Most inoculation experiments of soybean plants with Colletotrichum species have used 
conidial suspensions (4, 12, 18, 22, 23, 26), although mycelial suspensions for inoculation also 
have been used (26). Mycelial suspensions were used because not all isolates readily or 
abundantly produce spores, which has been our experience at least with some of Colletotrichum 
isolates collected in this study. Along with inoculum, conditions to optimize anthracnose 
development on soybean seedlings showed that disease severity increased in a mist chamber in a 
curvilinear model up to 72 h when seedling died, and younger seedlings had more stem tip 
necrosis than older plants (22). 
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There have been only a few studies that have evaluated anthracnose resistance in soybean. 
An evaluation of 414 soybean germplasm accessions was reported (20-22). The result showed 
that none of the accessions were immune, but soybean genotypes Bavendar Sp. A, Boone, Early 
White Eyebrow, Gibson, Manchuria, Mandarin, Mandarin (Ottawa), Waseda, Wea, and Willomi 
were the ten most resistant genotypes from maturity group 00–IV, PI 96860 in MG VI, and 
Tarheel Black in MG VI. In another study, soybean cultivars A. K. (Kansas), Boone, Corsoy 79, 
and Williams 82 were used to investigate the pathogenicity of sclerotia- and nonsclerotia-
forming isolates of C. truncatum on seedling roots; all were reported susceptible to root infection 
by C. truncatum (18). Although other Colletotrichum species infect soybean (13, 36, 37), 
soybean has been only evaluated resistance to C. truncatum.  
For over 20 years there have been no additional reports evaluating soybean genotypes for 
anthracnose resistance in the USA even though the disease causes significant losses and there are 
many soybean accessions that potentially could be evaluated for resistance. Among the soybean 
genotypes reported to have resistance to anthracnose, Mandarin (PI 548378) was one of the most 
resistant genotypes reported (20, 21). In the USDA Soybean Germplasm Collection (30), there 
are three additional accessions named Mandarin, Mandarin Yowa (PI 189890), Mandarin A (PI 
438363), and Mandarin 507 (PI 548380), that have not been evaluated for resistance to 
anthracnose. The C. truncatum isolates used in previous studies on soybean resistance were not 
curated and are not available for use today. However, the soybean genotypes evaluated 
previously can be re-evaluated today with newly collected isolates.   
The genetic base of North American soybean cultivars was derived from a narrow range of 
ancestral lines. Fourteen soybean introductions were reported to constitute about 70% of the 
genes in North American public cultivars released between 1971 and 1981 (6, 8). A set of 35 
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soybean ancestors that contributed to > 95% of the genes found in North American cultivars 
released between 1947 and 1988 was also reported (9). The evaluation of soybean ancestral lines 
for disease resistance has been investigated for soybean sudden death syndrome (24) and for four 
soybean viruses (31). Only a few ancestral soybean genotypes were evaluated for anthracnose 
resistance in previous reports when 414 soybean accessions were evaluated for anthracnose 
resistance (20-22).   
The objectives of this study were to: (i) develop a standardized inoculation technique to 
evaluate soybeans for resistance to anthracnose, (ii) use this technique to re-evaluate soybeans 
genotypes previously reported to be resistant to anthracnose, and (iii) evaluate 14 ancestral 
soybean genotypes. 
 
Materials and Methods 
Fungal isolates.  Isolates of Colletotrichum species were obtained from soybean petioles 
and stems collected in Urbana, Illinois in 2009. Soybean samples were cut into 1–2 cm small 
sections and surface-disinfested with 95% ethanol for 2 min followed by 1.2% (w/w) sodium 
hypochlorite (from commercial bleach) for 5 min and rinsed twice in sterile water for 3–5 min. 
Disinfested tissues were placed on Bacto-agar (BD Bacto, Sparks, MD) and incubated at room 
temperature until the fungi grew. Pure fungal cultures were obtained by single spore or hyphal 
tip isolation and further maintained on acidic potato dextrose agar (APDA) made with 550 µl of 
85% (w/w) lactic acid (Fisher Scientific, Fair Lawn, NJ) per 1L PDA (BD Difco, Sparks, MD) 
and incubated under 12 h alternating cool-white fluorescent light (45 mol m-2 s-1) and darkness 
at 24  1 C.  
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Identification of Colletotrichum isolates.  The Colletotrichum species were identified 
based on colony characteristics on APDA, formation of acervuli (asexual stage) and/or perithecia 
(sexual stage, Glomerella), shapes and sizes of spores and appressoria (5, 16, 28, 29) combined 
with DNA sequencing analysis.   
Fungal DNA was extracted from mycelia using the FastDNA Spin Kit (MP Biomedicals, 
Solon, OH), and PCR was performed using Phusion High-Fidelity DNA Polymerase Kit (New 
England Biolabs, Ipswich, MA) in a PTC-100 Programmable Thermal Controller (Bio-Rad 
Laboratories, Emeryville, CA). Three partial nucleotide sequences were targeted to amply (5, 
16): (i) ITS1/5.8S/ITS2 ribosomal DNA region with primer pairs ITS1 and ITS4 (32), (ii) actin 
with primer pairs ACT512F and ACT783R (3), and (iii) beta-tubulin with primer pairs T1 and 
T22 (25). All PCR programs consisted of an initial denaturation step of 98 °C for 30 s and a final 
extension step of 72 °C for 7 min and then held at 4°C. The individual thermal cycles of each 
gene region were: (i) ITS: 35 cycles of 10 s at 98 °C, 30 s at 60 °C, and 30 s at 72 °C, (ii) actin: 
35 cycles of 8 s at 98 °C, 10 s at 68 °C, and 6 s at 72 °C, and (iii) beta-tubulin: 35 cycles of 10 s 
at 98 °C, 30 s at 64 °C, and 30 s at 72 °C. The amplicons were purified using the E.Z.N.A 
MicroElute Cycle Pure Kit (Omega Bio-Tek, Inc., Norcross, Georgia) and then sequenced by the 
core DNA sequencing facility of the Roy J. Carver Biotechnology Center (University of Illinois, 
Urbana, Illinois). The sequencing primers were the same as PCR primers except that the 
amplicon of beta-tubulin was sequenced with Bt2a and Bt2b (10). BLAST analysis was 
performed to search for sequence similarity on the National Center for Biotechnology 
Information (NCBI) website (http://blast.ncbi.nlm.nih.gov).  
Pathogenicity test by detached leaf assay.  Koch’s postulates were fulfilled by re-
inoculating soybean detached leaves with mycelial discs of Colletotrichum isolates grown on 
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APDA (35). Susceptible cultivar Williams 82 were planted in the growth chamber (Percival, 
Model PGC40L2, Perry, Iowa) with 12 h alternating light (350 mol m-2 s-1) and dark at 25 C, 
and leaflets at V2 to V3 stage were collected and placed on a layer of moist paper towel inside 
plastic clamshell boxes (Andex, Escanaba, MI). Leaflets were inoculated with 6-mm-diameter 
mycelial discs from 10- to 14-day-old Colletotrichum cultures grown on APDA. Symptoms were 
observed at 14 days post-inoculation (dpi), and the formation of lesions and their sizes were 
recorded. Each isolate was conducted in duplicate.   
In a previous pre-screen study (35), 25 representative isolates from 80 isolates of 
Colletotrichum isolates were selected according to morphological characteristics and tested their 
pathogenicity using detached leaf assays. The additional 55 Colletotrichum isolates were 
screened in this study.  
Mycelial inoculum preparation.  Isolate IL15B of C. truncatum, the most aggressive 
isolate in the detached leaf assay, was used to optimize the conditions for inoculating whole plant 
shooting system and to evaluate soybean resistance for anthracnose. IL15B was grown in 50 ml 
potato dextrose broth (PDB) (BD Difco, Sparks, MD) by adding six 4-mm-diameter mycelial 
discs per flask, setting in a shaker (Lab-Line Instrument, Orbit Shaker No. 3590, Melrose Park, 
IL) with 100 rpm, and incubating for 3–5 days at room temperature (25  5 C). The mycelial 
suspension was then transferred to 50-ml tubes (Corning Inc., Corning, NY) and centrifuged at 
2,500 rpm for 20 min (Eppendrof, Centrifuge 5810, Hauppauge, NY). The pellet was collected, 
squeezed to minimize liquid content, and measured its wet weight. The pellet was then re-
suspended in distilled water, fragmented with a blender (Waring Laboratory, Model 31BL92, 
Torrington, CT) at low speed for 30 s, stopped for 30 s, and ground for another 30 s to reach a 
homogenized condition. The mycelial inoculum solution was adjusted to final concentrations 
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ranging from 20 to 100 mg/ml in distilled water. In preliminary tests, both concentrations caused 
severe symptoms on Williams 82 plants with no significant differences (data not shown).  Thus, 
for the following experiments, a final concentration of 20 to 40 mg/ml was prepared as the 
mycelial inoculum.  
Dew and moist chambers.  To keep plants moist after inoculation, space limitations 
necessitated the use of two kinds of chambers (dew and moist chambers). Two dew chambers 
(Percival, Boone, IA) with the lights switched off were set at a wall temperature of 19 C and a 
water temperature of 32 C. The temperature recorded was 24  4 C with a relative humidity of 
over 80%.  The moist chambers were constructed using plastic crates (interior size 57 cm  37 
cm  41 cm) covered and sealed with insulated foil bubble wrap (Fig. 3.1). Stainless steel racks 
(34 cm  18 cm  10 cm) were put inside to support the flats (53 cm  27 cm) with potted plants. 
Four to five liters of water were added to the bottom of each crate and the inside walls were 
sprayed with water using a hand-held sprayer (Do it Best Corp., Fort Wayne, IN) before setting 
plants inside. The moist chambers were kept at room temperature (25  5 C), and they were able 
to keep relative humidity of 90–100%. Initially, these engineered moist chambers provided a 
solution to limited space in dew chambers but later they served as an equal or preferable option. 
Effect of inoculum type and dew period on disease severity.  A factorial experiment 
with six treatments (two inoculum types = mycelia or conidia  three dew periods = 24 h, 48 h, 
72 h; Table 3.1) in a completely randomized design with three replications was set up. Each 
experimental unit consisted of three plants per pot. 
Seeds of Williams 82 were planted in three 11-cm-diameter pots with three seeds per pot in 
the growth chamber (Percival, Model PGC40L2, Perry, IA) with 12 h alternating light (350 mol 
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m-2 s-1) and dark at 25 C. Plants were grown to the V1 growth stage (10 to 12 days old) before 
inoculation. 
Mycelial inoculum of IL15B was prepared as previously described. Conidia of IL15B were 
harvested from cultures grown on sodium chloride-yeast extract agar (SYA) plates (19) with 
alternating 12 h light (45 mol m-2 s-1) and dark condition at 24  1 C for 3–4 weeks. Spores 
were collected by adding sterile distilled water to the plates and brushing the surface of plates 
with a plastic disposable loop (Nunc, Thermo Fisher Scientific, Rochester, NY). The 
concentration of the conidial inoculum was calculated using a hemacytometer                                                        
(Reichert Bright Line, Buffalo, NY) and diluted to a final concentration of 3  106 spores/ml in 
distilled water.  
Plants were inoculated by spraying mycelial or conidial suspension using a spray bottle (Do 
it Best Corp.) until the suspension dripped from the leaves (run-off) and then incubated in the 
dew chamber at 25 C in the dark for 24, 48, and 72 h. Plants were removed and placed back in 
the growth chamber. Disease severity was rated daily from 4 to 10 dpi. 
Effect of dew period on disease severity.  An experiment with five dew periods (0, 8, 16, 
24, and 48 h) (treatments) with 15 replications was set up in a completely randomized design. 
Each experimental unit consisted of one plant.    
Seeds of Williams 82 were planted in flats (3  6 cells/flat) with 18 plants per flat in the 
greenhouse at 24  4 C until the V1 stage (10 to 12 days old). The mycelial inoculum of IL15B 
was prepared as described above except the inoculum was ~400 mg/ml. Plants were inoculated 
by atomizing mycelial suspension until run-off as previously described. Five flats (90 plants) 
were place in the dew chamber at 24  4 C in the dark. Every 0, 8, 16, 24, and 48 h, 15 plants 
were randomly taken out from the dew chamber and transferred back to the greenhouse. Control 
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plants were sprayed with PDB only and misted for 48 h. Disease severity was rated daily from 3 
to 7 dpi. The experiment was repeated once. 
Effect of plant age on disease severity.  An experiment with plants at five different ages 
or growth stages (VC, V1, V2–V3, R3–R4, and R4–R5) (treatments) was set up in a completely 
randomized design with four replications. Each experimental unit consisted of three plants. 
Seeds of Williams 82 were planted weekly in 11.43-cm-diameter pots with three plants per 
pot. Plants were grown in the growth chamber (Percival, Model PGC40L2, Perry, IA) with 12 h 
alternating light (350 mol m-2 s-1) and dark at 25 C. After 43 days, five different growth stages 
were obtained: VC (8 days old), V1 (14 days old), V2–V3 (26 days old), R3–R4 (36 days old), 
and R4–R5 (43 days old). Each treatment consisted of four pots (replications). Mycelial 
inoculum of IL15B was prepared as described above. Plants were inoculated by atomizing until 
run-off as previously described, then put in the moist chambers for 72 h in the dark at room 
temperature (30  2 C) and transferred back to the growth chamber. Disease severity was rated 
at 4, 5, 6, and 9 dpi. Another experiment with the same treatment was conducted as described 
above except for Williams 82 was replaced with another susceptible cultivar, Bell. 
Evaluation of soybean genotypes for resistance to anthracnose.  Two sets of 
experiments were conducted. The first set (Table 3.2) included 15 soybean genotypes consisting 
of 10 genotypes reported to be resistant (20, 21), plus Mandarin Yowa, Mandarin A, Mandarin 
507, T269H (random selection from the collection with an unknown reaction to anthracnose), 
and the susceptible check Williams 82. The second set (Table 3.3) included 28 soybean 
genotypes consisting of the whole first set (excluded T269H), plus 12 ancestral lines (8),  
Hartwig [resistant to soybean cyst nematode (SCN)-resistant and sudden death syndrome (SDS)] 
	 76
(1, 11, 30), and Kingwa (resistant to Phytophthora sojae) (30). All seeds were obtained from the 
USDA Soybean Germplasm Collection.  
The first set of experiment was tested in a completely randomized block design with three 
replications.  Seeds were sown a soil-less medium, Sunshine mix LC1 (Sun Gro Horticulture 
Inc., Bellevue, WA)	in multi-cell flats with 15 genotypes per flat. Each cell was an experimental 
unit with two plants. Plants were grown in the growth chamber (Percival, Model PGC40L2, 
Perry, IA) at 25 C under 14 h light (350 mol m-2 s-1) /11 h darkness until V1 to V3 growth 
stages (21  3 days old) for inoculation. Plants were inoculated with the mycelial suspension of 
IL15B as described previously. After inoculation, the flats were transferred to the moist 
chambers for 48 h at room temperature (22  2 C) in the dark and then moved back to the 
growth chamber. Disease severity was rated daily from 3 to 8 dpi and 10 dpi. The AUDPC of 
one experiment unit was calculated using the mean rating value of the two plants. The 
experiment was repeated twice.  
The second set of experiment was performed in the same way as the first set except that 28 
genotypes were planted per flat, and each cell in the flat was initially planted two seeds, which 
was later trimmed to one plant before inoculation. The disease severity was rated daily from 3 to 
7 dpi. This experiment was repeated once. 
Disease rating and data analysis.  In all experiments of whole plant inoculations, disease 
severity was assessed using a rating scale of 0 to 4 (22): 0 = asymptomatic, 1 = leaf veinal 
necrosis, 2 = lesions on leaves and petioles, 3 = lesions on leaves, petioles, and stems, and 4 = 
plants dead. Area under disease progress curve (AUDPC) representing the disease development 
over time for each inoculated plant was calculated (17). Data analyses were conducted using 
JMP software (Version 9.02, 2010, SAS Institute Inc., Cary, NC). ANOVA was performed and 
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data from trials were combined when there was no interaction of treatment  trial. Means of 
AUDPC were separated by Student's t least squares means (LSM) at α = 0.05. 
 
Results 
Pathogenicity of Colletotrichum isolates by detached leaf assay.  Colletotrichum isolates 
formed acervuli (asexual stage) and/or perithecia (sexual stage) on the detached leaflets of 
Williams 82. Among the 80 isolates of Colletotrichum species investigated, 48 induced lesions 
and 32 produced little or no lesions on the detached leaves. The most aggressive isolate, IL15B, 
was identified as C. truncatum according to its morphological characteristics and DNA sequence 
analysis and was selected for further studies. 
Effect of inoculum type and dew period on disease severity.  The greatest amount of 
disease occurred following a 72 h dew period regardless of inoculum type and following a 48 h 
dew period when mycelial inoculum was used, which was greater (P < 0.05) than the other 
treatments (Table 3.1). The AUDPC means between 24 h dew period with mycelial inoculum 
and 48 h dew period with conidial inoculum were not significantly different from each other. The 
treatment with the least (P < 0.05) amount of disease was conidial inoculum with a dew period of 
24 h. 
Effect of dew period on disease severity.  No interaction of treatment  trial was 
observed. Consequently, the data from the two trials were combined. The AUDPC mean (value 
of 9) for plants kept in the dew chamber for 48 h was greater (P < 0.05) than the other dew 
period treatments. The AUDPC mean (value of 5) for plants kept in the dew chamber for 24 h 
was greater (P < 0.05) than the other dew period treatments of 16 (value of 2), 8 and 0 h (value 
of 1), which were not different from each other. Plants kept in the dew chamber for 48 h had leaf 
	 78
necrosis and lesions on petioles and stems after 7 dpi, while plants misted for 24 h only had leaf 
veinal necrosis in general. No obvious symptoms were observed on control plants sprayed with 
PDB only or on plants incubated after 0, 8, and 16 h of dew. 
Effect of plant age on disease severity.  No interaction of treatment  experiment was 
observed. The data presented are the combination of the two experiments. The AUDPC means 
for plants inoculated at growth stages VC, V1 and V2–V3 were 19, 17, and 18, respectively. VC 
and V2–V3 were not different, and V2–V3 and V1 were not different (P < 0.05) from each other, 
but they were different (P < 0.05) from AUDPC of plants inoculated at growth stages R3–R4 and 
R4–R5 (value of 11). Younger inoculated plants at growth stages VC, V1, V2–V3 had leaf 
necrosis, lesions on petioles and stems, and defoliated at 4 dpi. All plants at VC stage died after 6 
dpi, and most plants at V1 and V2–V3 stages died at 9 dpi. Plants at R3–R4 and R4–R5 growth 
stages did not develop lesions on stems until 6 dpi. Nevertheless, the pods had developed 
symptoms with brown irregular-shaped blotches starting at 4 dpi (Fig. 3.2).  
Evaluation of soybean genotypes for resistance to anthracnose.  In both sets of 
experiments, no interaction of treatment  trial was observed. Consequently, the data of the three 
trials in the first set were combined and so were the data of the two trials in the second set. 
In the first set (Table 3.2), Mandarin, Mandarin 507, and Mandarin (Ottawa) were the three 
most resistant genotypes and their AUDPC did not differ (P < 0.05) from one another. Mandarin 
Yowa had moderate resistance and Mandarin A was as susceptible as Williams 82. Other 
genotypes, including Waseda, Wea, Willomi, and T169H, were also as susceptible as Williams 
82.   
In the second set (Table 3.3), Mandarin 507, Early White Eyebrow, Mandarin Yowa, and 
Boone were the four most resistant genotypes and their AUDPC did not differ (P < 0.05) from 
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one another. Mandarin 507 was also among the most resistant genotypes in the first set, while 
Early White Eyebrow belonged to the second resistant group, and Mandarin Yowa and Boone 
had moderate resistance (Table 3.2). In addition, susceptible check Williams 82 showed 
relatively moderate susceptibility (or moderate resistance) in the second set of experiment but 
was also grouped with Mandarin A, Waseda, Wea, and Willomi as in the first set of experiment. 
Mandarin and Mandarin (Ottawa), which belonged to the most resistant group in the first set, 
however, showed no significant difference (P < 0.05) from Williams 82 in Table 3.2.  
Among the 14 ancestral lines, Mandarin had the lowest AUDPC value but was not 
distinguished (P < 0.05) from other five ancestral lines, Mandarin (Ottawa), CNS, Roanoke, 
Richland, and Mukden. The phytophthora-resistant line, Kingwa, was among the most 
susceptible group containing ancestral lines A. K. Harrow, Arksoy, S-100, Peking, Palmetto, 
Dunfield, Manchu, Tokyo, Mukden, and other non-ancestral lines Wea, Gibson, Willomi, and 
the SCN and SDS-resistant line, Hartwig. Hartwig showed no significant differences from all 
genotypes accessions except the most susceptible line, A. K. Harrow, and the relatively resistant 
lines, Mandarin 507, Early White Eyebrow, Mandarin Yowa, Boone, and Manchuria.   
 
Discussion 
The optimization of an inoculation technique to evaluate soybeans for resistance to 
anthracnose was developed in a series of experiments. It was determined from the results that 
mycelial fragments were infectious and caused typical anthracnose symptoms, and that the 
length of the dew period and the plant age at inoculation affected anthracnose symptom severity. 
The technique developed was useful in evaluating soybean genotypes for resistance as the most 
resistant genotypes had much less disease than the most susceptible.  
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Although using conidial suspensions for inoculation of soybean plants with Colletotrichum 
species may be the most commonly used method, mycelial fragments worked well in this study. 
Others have used mycelial fragments as well for inoculations. One study used fragmented 
mycelia as inoculum to assess the virulence of Mycosphaerella fijiensis on banana plants and 
demonstrated that inoculum measured in mg/ml was less ambiguous than in colony forming units 
in relation to disease severity (7). In addition, mycelial inoculum has several advantages in that it 
is easy to prepare large amounts of mycelia in liquid cultures, and it can be used to compare 
isolates that produce no or few conidia in culture. 
Dew period and humidity conditions are important components for many foliar pathogens, 
including Colletotrichum (14, 15, 22). The result showed that longer dew and moisture periods 
increased the severity of soybean anthracnose. The engineered moist chambers were comparable 
to manufactured dew chambers in producing severe anthracnose symptoms. The engineered 
moist chambers are also portable; so the temperatures inside the chambers would be the same as 
the room temperature that they are in and thus are relatively stable. Regardless of chamber type, 
the present results were similar to a previous study (22) that the longer period of wetness caused 
more severe symptoms on inoculated soybean plants. Although, it was not part of this study, it is 
presumed that the increase duration of moisture benefitted the fungus either directly by allowing 
a longer period of optimal conditions for spore germination and growth or indirectly by reducing 
the plant defense response.   
The fungi that cause anthracnose of soybean attack all plant parts (13). The results 
corroborated another study (22) that showed younger plants were more susceptible than older 
plants. Younger, more actively growing plants are assumed more susceptible to C. truncatum 
infection and colonization than mature plants. According to the results, the optimal condition for 
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inoculating soybean plants for anthracnose resistance is when the plants are in growth stages V1 
to V3 and then incubating the plants in dew or moist chambers for 48 h. If the goal were to 
evaluate pod and seed infection, then older plants with pods would need to be inoculated. The 
symptoms observed in this study showed prominent symptoms on pods, and although seed 
infection was not evaluated, it seems likely that seeds may become infect too. It is not known if 
resistance in the various growth stages is all the same or if there are differences, for example, 
between seedlings versus pod resistance.   
Soybean resistance to anthracnose discovered in this study was not complete as even the 
genotypes with the lowest ratings of anthracnose severity had some leaf and petiole necrosis.  
One of the most resistant genotypes in a previous study was Mandarin (20). Four additional PI 
accessions with the name Mandarin from the soybean germplasm collection were tested (30). Of 
these five, Mandarin 507 was in the most resistant group and showed good consistence in both 
sets of experiments. This cultivar, as well as Mandarin (Ottawa), was derived and selected from 
Mandarin (30) originated from China. However, Mandarin, Mandarin (Ottawa) and another line 
Mandarin Yowa (from France) showed different performances in the two sets of experiments. 
Mandarin A, which originated from Canada, showed consistent susceptibility to anthracnose 
disease as Williams 82. Another previous study found genotypes Waseda, Wea, and Willomi to 
be resistant to anthracnose (20, 21); however, the results from this study showed that all of these 
were susceptible as Williams 82. It is not clear why these differences occurred, but it could be 
due to the use of different isolates or drifting of seed stock from its original state.   
Evaluation of the major ancestral lines for anthracnose resistance can serve as background 
information when screening the resistance of their progenies. Among the 14 ancestral lines 
examined in the present study, eight were previously tested (20), including A. K. (Harrow), 
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Dunfield, Manchu, Mandarin, Mandarin (Ottawa), Mukden, Peking, and Richland. Except 
Mandarin and Mandarin (Ottawa) that showed moderate resistance to anthracnose (average 
rating scores < 2), others seemed to be susceptible (20). Similar results were obtained in this 
study that the relatively resistant (less susceptible) ancestral genotypes were Mandarin and 
Mandarin (Ottawa). Although these two genotypes have different performances in the two sets of 
experiments, they mostly belonged to the first few genotypes that had lower rating scores. 
Mandarin and Mandarin (Ottawa) contributed to < 1% and 12%, respectively, of genes for the 
North American public soybean cultivars (9), and thus it would be worthwhile to further screen 
their progenies for anthracnose resistance.  
Based on these results, the future works will be focused on continuing to use the method 
established in the present study to evaluate more soybean genotypes for resistance, comparing 
additional isolates, and determining if tissues such as pods have a different resistance reaction 
than that of seedlings.  
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Tables 
 
Table 3.1.  Area under disease progress curve (AUDPC) for Williams 82 plants inoculated with 
a mycelial or a conidial suspension of Colletotrichum truncatum at three different dew periods 
 
Inoculum type Dew period (hours) AUDPC
 a    
Mycelia 72 20 A
Mycelia 48 18 A
Conidia 72 17 A
Mycelia 24 13 B
Conidia 48 12 B
Conidia 24 2 C
 
a Means followed by the same letter were not significantly different based on the least significant 
difference at α = 0.05. 
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Table 3.2.  Origin, plant introductions (PI) number, maturity groups (MG), and reaction of 15 
soybean genotypes based on the area under disease progress curve (AUDPC) of each genotype 
inoculated by Colletotrichum truncatum isolate IL15B  
	
Genotypes Origin PI MG    AUDPC a 
Williams 82 USA 518671 III 20 A 
Wea China 548424 II 20 A-B 
Willomi Japan 548425 III 19 A-C 
Waseda Japan 548423 II 19 A-C 
T269H USA 548246 III 19 A-D 
Mandarin A Canada 438363 I 18 A-D 
Gibson USA 548330 IV 18 B-D 
Manchuria China 548375 I 18 B-D 
Boone China 548309 IV 18 B-D 
Mandarin Yowa France 189890 I 17 B-D 
Bavendar Sp. A USA 548304 III 17 C-D 
Early White Eyebrow China 548320 0 17 D-E 
Mandarin (Ottawa) China 548379 0 14 E-F 
Mandarin 507 China 548380 I 13 F 
Mandarin China 548378 I 13 F 
	
a Means followed by the same letter were not significantly different based on the least significant 
difference at α = 0.05. 
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Table 3.3.  Origin, plant introductions (PI) number, maturity groups (MG), and reaction of 28 
soybean genotypes based on the area under disease progress curve (AUDPC) of each genotype 
inoculated by Colletotrichum truncatum isolate IL15B 	
	
Genotypes Ancestral linea Origin PI MG AUDPC b 
A.K. Harrow Yes China 548298 III 14 A 
Kingwa No China 548359 IV 14 A-B 
Arksoy Yes Korea 548438 VI 14 A-C 
S-100 Yes China 548488 V 14 A-C 
Peking Yes China 548402 IV 13 A-D 
Wea No China 548424 II 13 A-E 
Gibson No USA 548330 IV 13 A-E 
Palmetto Yes China 548480 VII 13 A-E 
Dunfield Yes China 548318 III 13 A-E 
Willomi No Japan 548425 III 13 A-E 
Manchu Yes China 548365 III 12 A-F 
Tokyo Yes Japan 548493 VII 12 B-E 
Mukden Yes China 548391 II 12 B-G 
Hartwig No USA 543795 V 12 B-G 
Williams 82 No USA 518671 III 11 C-G 
Waseda No Japan 548423 II 11 C-G 
Mandarin A No Canada 438363 I 11 D-G 
Richland Yes China 548406 II 11 D-G 
Roanoke Yes China 548485 VII 11 E-H 
CNS Yes China 548445 VII 11 E-H 
Bavendar Sp. A No USA 548304 III 10 F-I 
Mandarin (Ottawa) Yes China 548379 0 10 F-I 
Mandarin Yes China 548378 I 10 G-I 
Manchuria No China 548375 I 9 H-J 
Boone No China 548309 IV 9 I-K 
Mandarin Yowa No France 189890 I 7 J-K 
Early White Eyebrow No China 548320 0 7 J-K 
Mandarin 507 No China 548380 I 6 K 
	
a Based	on	genetic diversity of North American soybean (8). 
b Means followed by the same letter were not significantly different based on the least significant 
difference at α = 0.05. 
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Figures 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.1.  The engineered moisture chambers. A, The chambers were made with plastic crates 
covered and sealed with insulation foil bubble wraps. B, Top view of an uncovered chamber 
showing the experiment of testing the effect of plant growth stages on anthracnose susceptibility. 
A layer of water was added to the bottom of the chamber and stainless steel racks were put inside 
to support the flat. A data logger (HOBO, Onset, Bourne, MA) was set inside to record 
temperature and relative humidity. 
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Fig. 3.2.  Susceptibility of Williams 82 at different growth stages. A, VC stage, B, V1 stage, C, 
V2–V3 stage, and D, R4–R5 stage at 4 dpi. E, Pods of R4–R5 stage at 9 dpi. 
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OVERALL SUMMARY/CONCLUSION 
 
This study determined what Colletotrichum species were associated with soybean, 
developed real-time PCR assays for rapid detection and differentiation of major Colletotrichum 
species on soybean, and established inoculation methods and evaluated soybean germplasm 
accessions for anthracnose resistance. To complete this study, three major phases of research 
were implemented.  
The first study determined what Colletotrichum species were associated with soybean. 
More than 200 purified isolates of Colletotrichum species were isolated from soybean tissues 
with anthracnose. Most of the infected tissues were collected from several states in the United 
States. Morphological classification combined with molecular sequence analyses were used to 
identify the species. Multi-gene phylogenetic analyses combining rDNA ITS, actin, β-tubulin, 
GAPDH, and histone H3 gene regions resulted in a group of isolates that were distinct from 
other established Colletotrichum species. This new group was phylogenetically closer to C. 
liriopes, C. tofieldiae, and C. verruculosum than to C. truncatum, the most commonly reported 
pathogen of soybean anthracnose. A pure isolate from this new group was used to examine its 
morphology, cultural characteristics, and pathogenicity on soybean. As a result, a new species, 
Colletotrichum incanum H.-C. Yang, J. S. Haudenshield, & G. L. Hartman, was described. In 
addition, another Colletotrichum species, C. chlorophyti, which was reported to infect Liliaceae 
in India and Fabaceae in Australia, was found among the 200 purified isolates. This species was 
able to infect soybean and produce anthracnose symptoms in pathogenicity experiments, and was 
reported as a novel incitant of soybean anthracnose. 
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The second study reported on the development of a real-time PCR assays for rapid 
detection and differentiation of major Colletotrichum species on soybean, including C. 
chlorophyti, C. incanum, C. truncatum, and Glomerella glycines. Two duplex real-time PCR 
assays based on dsDNA-binding dye method were established using a region of mitochondrial 
cox1 gene. The differentiation of the four species was achieved based upon different amplicon 
Tm values in the dissociation curve analyses. The Set 1 duplex assay distinguished C. chlorophyti 
and G. glycines, and the Set 2 duplex assay distinguished C. incanum and C. truncatum. 
However, the Set 1 assay could not differentiate G. glycines from C. gloeosporioides. Successful 
detection could be achieved when the DNA amount was ≥ 1 pg. The two duplex real-time PCR 
assays were used to identify more than 200 isolates in our collection and proved to be a rapid and 
effective method to detect Colletotrichum species infecting soybean. 
The third study focused on developing inoculation methods to infect soybean with C. 
truncatum and evaluated soybean germplasm accessions for anthracnose resistance. The 
experiments to develop a standardized inoculation procedure included assessing the type of 
inoculum (conidia vs. mycelia), duration of wetness of inoculated plants, and the age of 
inoculated plants. Plants inoculated with either a mycelial or conidial suspension had equal 
anthracnose severity. Plants inoculated with a mycelial suspension had greater anthracnose 
severity when kept wet for 72 or 48 h compared to 24 h. Plants at younger growth stages (VC to 
V3) were more susceptible than those at older growth stages (R3 to R5). In the re-evaluation test 
of previously assessed soybean genotypes, Mandarin, Mandarin 507, and Mandarin (Ottawa) had 
the greatest level of resistance compared to the other genotypes except for the soybean genotype 
Early White Eyebrow that appeared to be as resistant as Mandarin (Ottawa). A set of ancestral 
genotypes of the modern day public soybean cultivars was also evaluated. Among the 14 
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ancestral lines tested, genotype Mandarin had lowest disease rating, although it did not differ 
from Mandarin (Ottawa), CNS, Roanoke, Richland, and Mukden.  
In summary, this research described the Colletotrichum species infecting soybean plants, 
developed detection assays for these species infecting, and provided a descriptive method to 
inoculate soybean plants and to identify soybean genotypes with resistance to anthracnose. This 
information is important for furthering our knowledge about fungal biodiversity, for diagnostic 
purposes in plant disease clinics and for research, and for developing potential management 
strategies to control this disease through the use of host resistance.  
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APPENDIX A: FIRST REPORT OF COLLETOTRICHUM CHLOROPHYTI CAUSING 
SOYBEAN ANTHRACNOSE1 
 
Anthracnose of soybean [Glycine max (L.) Merr.] is caused by several Colletotrichum 
species (4). Leaf petiole samples were collected from Alabama, Illinois, and Mississippi, in 
2009. Petioles suspected of being caused by Colletotrichum were cut into 1- to 2-cm lengths, 
surface-disinfested, and placed on water agar. Pure cultures obtained by picking single spores 
from sporulating acervuli on tissue or hyphal tips on agar were transferred to acidic potato 
dextrose agar (APDA) at 24  1 C under 12-h cool-white fluorescent lighting. Isolates were 
grouped by morphological characteristics. One group consisting of six isolates (four from IL and 
one each from AL and MS) did not morphologically match any reported Colletotrichum spp. 
causing soybean anthracnose but matched the description of C. chlorophyti S. Chandra & 
Tandon (1, 2). On APDA, colonies were initially pink, turning black after several days with 
smooth margins and no aerial mycelium. Conidial masses were light salmon in color. Conidia 
ranged from 15.5 to 21.3 m long (mean 18.0 m)  2.5 to 4.3 wide (mean 3.3 m) (n = 200). 
They were curved with tapered ends and a truncated base, aseptate, and hyaline. Chlamydospores 
were dark brown, clustered or chained together, and 5 to 12 m wide (n = 30). Setae were 
straight, dark brown, and septate. Appressoria and perithecia were absent. Soybean plants 
(cv.Williams 82) at the V2 to V3 stage were atomized with a suspension of fragmented mycelia 
(40 mg/ml) using one isolate from IL. Plants were kept moist (> 90% relative humidity) for 48 h 
in the dark, then transferred to normal growing conditions. Three days post-inoculation, younger 
																																																								
1 This appendix appeared in its entirety in Plant Disease as Yang, H.-C., Haudenshield, J.S., and 
Hartman, G.L., 2012. First report of Colletotrichum chlorophyti causing soybean anthracnose. 
96:1699. This article is reprinted with the permission of the publisher and available at 
http://dx.doi.org/10.1094/PDIS-06-12-0531-PDN	
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trifoliolate leaf margins and intra- and interveinal lesions were necrotic surrounded by slight 
chlorosis. Isolations were obtained from symptomatic leaves and confirmed as C. chlorophyti by 
morphological characteristics. Further comparisons were completed with one isolate (IL1A or 
BPI 884117) by PCR and BLAST sequencing analyses of the partial ITS rDNA region, actin, ß-
tubulin, GAPDH, and histone H3 genes (2) (GenBank Accession Nos. JX126475, JX126476, 
JX126477, JX126478, JX126479, respectively). The results showed high identity of all the five 
sequences to two C. chlorophyti isolates, IMI 103806 and CBS 142.79 (Accession Nos. 
GU227894/GU227895 in ITS = 100%, GU227992/GU227993 in actin = 99%, 
GU228188/GU228189 in ß-tubulin = 99%, GU228286/GU228287 in GAPDH = 99% and 96%, 
respectively, and GU228090/GU228091 in histone H3 = 99%). Soybean anthracnose, commonly 
caused by C. truncatum, has curved and truncated conidia that are longer than C. chlorophyti. In 
addition, the two are distinguished by chlamydospores and lack of appressoria in C. chlorophyti 
combined with differences in multigene sequence analysis. Isolates of C. chlorophyti were 
reported to infect Chlorophytum sp. (Liliaceae) in India and Stylosanthes hamata (Fabaceae) in 
Australia, respectively (3). To our knowledge, there are no previous reports of this species in the 
United States or of it infecting soybean worldwide (3). This report describes C. chlorophyti as a 
novel incitant of soybean anthracnose. 
 
References: (1) S. Chandra and R. N. Tandon. Curr. Sci. 34:565, 1965. (2) U. Damm et al. 
Fungal Divers. 39:45, 2009. (3) D. F. Farr and A. Y. Rossman. Fungal Databases, Systematic 
Mycology and Microbiology Laboratory, ARS, USDA. Retrieved from http://nt.ars-
grin.gov/fungaldatabases/, May 21, 2012. (4) G. L. Hartman et al. Compendium of Soybean 
Diseases, APS Press, St. Paul, MN. pp. 13, 1999. 
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Fig. A1.  Comparison of Colletotrichum chlorophyti and C. truncatum. A to D, fungal colony on 
APDA plates (A and B, front view; C and D, back view); E and F, conidia stained with trypan 
blue; G, chlamydospores of C. chlorophyti; H, appressoria of C. truncatum. 
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Fig. A2.  Symptoms of soybean anthracnose caused by Colletotrichum chlorophyti. Leaf 
symptoms of A, whole plants and B, a single trifoliolate leaf 3 days post-inoculation with 
necrosis surrounded by a slight amount of chlorosis in the leaf margins and in intra- and 
interveinal lesions. 
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APPENDIX B: FIRST REPORT OF COLLETOTRICHUM CHLOROPHYTI INFECTING 
SOYBEAN SEED IN ARKANSAS, UNITED STATES 
 
Colletotrichum chlorophyti was first reported in the USA in 2009 on soybean petioles 
[Glycine max (L.) Merr.] collected from Alabama, Illinois and Mississippi (4). This species has 
not been reported to infect seed, unlike other Colletotrichum spp. (2). From the 2012 growing 
season, soybean seeds obtained from the National Agricultural Statistics Service representing 
151 seed lots from growers’ fields in 11 states were assayed by plating them on acidified potato 
dextrose agar (APDA). Before plating, seeds were surface disinfected by sequential immersion in 
50% ethanol for 30 s, 20% commercial bleach for 1 min, two 1 min rinses in sterile distilled 
water, and kept at 25 C in the dark for 1 week. Infected seeds from one seed lot from Arkansas 
produced colonies similar to Colletotrichum spp. This seed lot was visually examined and 
divided into asymptomatic or discolored symptomatic seeds. Because of the limited number of 
seeds in the seed lot, 20 seeds that asymptomatic and 40 seeds that appeared symptomatic were 
assayed on APDA as previously described. Asymptomatic seeds did not produce any dark fungal 
colonies. Among the symptomatic seeds, five appeared to have flecked light gray seed coats with 
some larger grayish to black and irregular spots where cracks were sometimes formed, and they 
developed small black fungal masses or became entirely dark on the surface. Five fungal isolates 
were obtained from these infected seeds. On APDA, the isolates initially produced white to pink 
smooth-margined colonies, turned black with age, produced no aerial growth, and filled a 9 cm 
diameter Petri dish within 10 days. DNA of one isolate was extracted for PCR reaction and 
																																																								
 This appendix appeared in its entirety in Plant Disease as Yang, H.-C., Stewart, J.M., and 
Hartman, G.L., 2013. First report of Colletotrichum chlorophyti infecting soybean seed in 
Arkansas, United States. 97:1510. This article is reprinted with the permission of the publisher 
and available at http://dx.doi.org/10.1094/PDIS-04-13-0441-PDN  
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sequencing of the ITS region with ITS1 and ITS4 primers (3). From the BLAST analysis, the 
sequence was 100% identical to C. chlorophyti isolates, IMI 103806, and CBS 142.79 
(Accession Nos. GU227894 and GU227895, respectively). To test for pathogenicity, the fungus 
was sub-cultured on APDA and eight APDA discs (4 mm diameter) were set into 50 ml potato 
dextrose broth inside a 250-ml flask and shook at a speed of 100 rpm at room temperature (24 ± 
1 C) for 10 days. The mycelium was then weighed, fragmented with a blender, and resuspended 
in sterile distilled water to a final concentration of ~40 mg/ml. The mycelial suspension was 
sprayed on soybean seedlings of cv. Williams 82 (two plants/pot) at growth stage V1 to V2 until 
runoff. The inoculated plants were kept in a moist chamber (>90% relative humidity) for 48 h at 
24 ± 1 C in the dark, and then transferred to normal plant growing conditions. At 5 days post-
inoculation (dpi), the leaves showed typical symptoms caused by C. chlorophyti, including 
necrosis on the edge of young leaves and petioles, formation of irregular dark brown lesions, and 
leaves became scrolled (4). Setose acervuli, curved conidia with tapered ends (21.4 ± 1.1 × 3.8 ± 
0.3 μm), and chlamydospores were found on the detached symptomatic leaves after 12 dpi. No 
perithecia formed. The morphology matched the description of C. chlorophyti (1,4). To our 
knowledge, this is the first report of C. chlorophyti in Arkansas and the first time that this species 
has been reported infecting seed of any plant.    
  
References: (1) S. Chandra and R. N. Tandon. Curr. Sci. 34:565, 1965. (2) G. L. Hartman et al. 
Page 13 in: Compendium of Soybean Diseases, APS Press, St. Paul, MN, 1999. (3) T. J. White et 
al. Page 315 in: PCR Protocols. A Guide to Methods and Applications. Academic Press, San 
Diego, CA, 1990. (4) H.-C. Yang et al. Plant Dis. 96:1699, 2012.
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Fig. B1.  Soybean seeds infected by Colletotrichum chlorophyti. A and B, Seed coat turned 
black with lesions formed on the cotyledons; C, Seed coat with small black fungal masses.  
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APPENDIX C: SYMPTOMS OF SOYBEAN ANTHRACNOSE 
 
 
(1) Black irregular spots on petioles and stems 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(2) Shriveled and rolled up leaves 
 
 
 
 
 
 
 
 
 
 
 
 
 
(3) Dark brown or black irregular blotches on pods 
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Acervuli (IL1A) 
50 µm 
100 µm 
50 µm 
1 mm On 
petiole 
On leaf 
APPENDIX D: MORPHOLOGICAL CHARACTERISTICS OF COLLETOTRICHUM SPECIES 
(1) Colletotrichum chlorophyti 
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On 
PDA 
Front 
On 
PDA 
Back 
IL1A IL2A IL3A IL4A 
16.1!20.2 (17.8) 15.5!21.5 (17.9) 16.8!20.5 (18.0) 16.4!20.1 (18.4) 
2.5!4.1 (3.3) 2.8!4.3 (3.4) 2.9!3.9 (3.3) 2.5!4.2 (3.3) 
Conidia 
Length (µm) 
Width (µm) 
(1) Colletotrichum chlorophyti (Cont.) 
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Chlamydospores (IL1A) 
Diameter (µm): 5!12 (8) 
On leaf 
(320x) 
On PDA 
(200x) 
On 
petiole 
(1) Colletotrichum chlorophyti (Cont.) 
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Acervuli (IL6A) 
1 mm On 
petiole 
On leaf 
100 µm 
(2) Colletotrichum incanum 
 
 
 
!!
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IL12A 
On 
PDA 
Front 
On 
PDA 
Back 
IL6A IL8A IL9A IL10A 
16.9!21.9 (19.1) 16.2!23.2 (20.2) 18.8!24.5 (21.6) 16.7!22.8 (19.5) 
2.3!3.7 (3.0) 2.4!3.5 (2.9) 2.0!3.0 (2.4) 2.0!3.2 (2.5) 
Conidia 
Length (µm) 
Width (µm) 
17.6!24.7 (21.4) 
2.4!3.1 (2.7) 
(2) Colletotrichum incanum (Cont.) 
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!
200 µm 
Sclerotia (IL6A) 
10 µm 
10 µm 
Appressoria (IL6A) 
Length (µm): 8.6!15.4 (11.2)  
Width (µm): 5.4!9.7 (6.8) 
Microcycle conidiation and Anastomosis (IL6A) 
(2) Colletotrichum incanum (Cont.) 
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Acervuli (IL15B) 
100 µm 
50 µm 
On 
petiole 
On leaf 
200 µm 
100 µm 
(3) Colletotrichum truncatum 
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On 
PDA 
Front 
On 
PDA 
Back 
IL15B IL16D 
18.3!26.0 (21.9) 19.5!26.3 (24.0) 
1.9!2.9 (2.3) 2.3!3.3 (2.8) 
Conidia 
Length (µm) 
Width (µm) 
Appressoria (IL15B) 
Length (µm): 11.1!30.2 (17.4) 
Width (µm): 5.7!11.3 (8.1) 
(3) Colletotrichum truncatum (Cont.) 
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Acervuli / Perithecia (IL18A) 
200 µm 
1 mm 
On 
petiole 
On leaf 
On 
PDA 
100 µm 
50 µm 
(4) Glomerella glycines 
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!
IL26B 
On 
PDA 
Front 
On 
PDA 
Back 
IL18A IL19A IL23A IL21A 
Not measured  16.8!21.8 (18.7) Not measured 15.7!19.7 (17.5) 
Not measured 4.2!5.6 (4.8) Not measured 4.7!6.4 (5.3) 
Conidia 
Length (µm) 
Width (µm) 
17.4!22.5 (19.0) 
5.0!6.6 (5.7) 
IL24A 
Not measured 
Not measured 
17.7!24.4 (21.4) 19.4!32.5 (23.7) 20.5!26.6 (23.1) 18.5!25.4 (21.7) 
2.7!4.4 (3.6) 3.1!5.5 (3.7) 2.9!5.7 (3.8) 3.1!4.4 (3.7) 
Ascospores 
Length (µm) 
Width (µm) 
19.9!27.8 (23.7) 
3.2!4.8 (3.9) 
14.2!25.2 (19.5) 
2.8!4.6 (3.6) 
(4) Glomerella glycines (Cont.) 
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Appressoria (IL18A) 
Length (µm): 7.1!13.0 (9.5) 
Width (µm): 6.9!10.3 (8.2) 
Anastomosis of conidia (IL19A) 
(4) Glomerella glycines (Cont.) 
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APPENDIX E: RATING SCALES OF DISEASE SEVERITY 
 
(1) Rating scale for detached leaf assay. Leaflets were incoculated with myclelial plugs of 
Colletotrichum isolates cultured on PDA or APDA plates. 
 
 
 
 
 
 
 
(2) Rating scale for whole plant inoculation. Plants were inoculated with fragmented mycelial 
suspension of Colletotrichum isolates cultured in liquid PDB.  
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APPENDIX F: CULTURAL CHARACTERISTICS OF COLLETOTRICHUM SPECIES: 
SPORULATION AND GROWTH RATES 
 
Objective 
(1) To test the best media and light conditions for sporulation of C. chlorophyti, C. incanum, C. 
truncatum, and G. glycines 
(2) To compare the growth rates of C. chlorophyti, C. incanum, C. truncatum, and G. glycines on 
different media  
 
Experimental set up for testing sporulation on different media and under different light 
regimes 
Colletotrichum species: 
C. chlorophyti (IL2A), C. incanum (IL6A), C. truncatum (IL15B), G. glycines (IL18A) 
Media tested: 
WA (water agar), PDA (potato dextrose agar), Acid PDA, V8 vegetable juice agar, BFGBA 
(baby food green bean agar), LMA (lima bean agar), SYA (sodium chloride-yeast extract agar), 
SYAS (SYA + sucrose) 
WA PDA APDA 
Bacto Agar (Difco) 10 g Potato Dextrose Agar (Difco) 39 g PDA (autoclaved)  1 L
add water to 1 L add water to 1 L Lactic acid  550 µl 
            
V8 BFGBA  LMA  
V8 juice 100 ml Baby food green bean (Gerber) 
1 can 
(113 g)
Lima Bean Agar 
(Difco) 23 g
CaCO3 2 g Bacto Agar (Difco) 10 g add water to 1 L
Bacto Agar (Difco) 17 g add water to 500 ml     
water 900 ml        
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SYA  SYAS     
NaCl 5 g SYA 1 L     
yeast extract 3 g sucrose 10 g     
agar 20 g         
add water to 1 L         
 
Light conditions: 
(1) Continuous darkness 
(2) Continuous cool white fluorescent light (CW light) 
(3) Continuous near UV light 
(4) Continuous cool white fluorescent light+ near-UV light 
Temperature: 
28 ºC 
Methods: 
(1) Isolates were cultured on APDA at 28 ºC for five days. 
(2) One agar disc from each of the four isolates was cut and put on one kind of media plates. 
Repeat the same step to the remaining seven kinds of media plates. 
(3) Each media at each light condition was done twice. 
Observation: 
Sporulation was estimated 7 days inoculation. Sporulation rank: 
0 = none; 1 = few (<10% of the colony); 2 = many (10–50% of the colony); 3 = a lot (50–90% of 
the colony); 4 = abundant, almost cover the colony (>90%) 
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Results 
 
(1) By light condition: 
 (i) Dark  
Media  Rep 
C. chlorophyti C. incanum C. truncatum G. glycines 
IL2A IL6A IL15B IL18A 
WA 1 2 2 2 2 2 2 2 2 2 
PDA 1 0 0 0 0 2 0 0 (0 / 1) (0 / 1) 
APDA 1 0 0 0 0 2 0 0 0 0 
V8 1 0 0 0 0 2 0 0 0 0 
BFGBA 1 0 0 0 0 2 0 0 0 0 
LBA 1 0 0 0 (0 / 1) 2 0 0 0 0 
SYA 1 2 2 0 2 2 0 2 2 2 
SYAS 1 (0 / 1) 0 (0 / 1) 0 2 0 0 0 3 
             
 (ii) Cool white fluorescent light  
Media Rep 
C. chlorophyti C. incanum C. truncatum G. glycines 
IL2A IL6A IL15B IL18A 
WA 1 2 2 2 2 2 2 2 2 2 
PDA 1 0 4 4 2 2 2 4 4 2 
APDA 1 2 4 4 2 2 0 4 4 2 
V8 1 2 1 3 1 2 2 1 4 1 
BFGBA 1 4 4 4 2 2 4 3 4 1 
LBA 1 2 4 4 4 2 4 4 4 4 
SYA 1 3 3 3 4 2 4 4 3 4 
SYAS 1 4 4 4 4 2 2 2 4 4 
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(iii) Near-UV light  
Media Rep C. chlorophyti C. incanum C. truncatum G. glycines IL2A IL6A IL15B IL18A 
WA 1 2 2 2 2 2 2 2 2 2 
PDA 1 4 3 4 2 2 4 3 4 3 
APDA 1 4 3 3 2 2 4 3 3 2 
V8 1 3 2 4 2 2 3 2 4 2 
BFGBA 1 4 3 3 2 2 4 3 3 (0 / 1) 
LBA 1 3 4 4 4 2 4 4 4 4 
SYA 1 4 4 3 3 2 2 4 3 4 
SYAS 1 2 3 4 4 2 2 3 4 4 
  
 
    
(iv) Cool white fluorescent light + near-UV light 
Media Rep C. chlorophyti C. incanum C. truncatum G. glycines IL2A IL6A IL15B IL18A 
WA 1 2 2 2 2 2 1 2 1 2 
PDA 1 4 4 4 2 2 3 4 4 2 
APDA 1 4 3 4 2 2 (0 / 1) 3 4 3 
V8 1 3 1 4 2 2 4 3 3 1 
BFGBA 1 4 3 4 1 2 4 3 3 2 
LBA 1 4 4 4 4 2 3 4 4 4 
SYA 1 4 4 4 4 2 4 4 4 4 
SYAS 1 2 (0 / 1) 4 4 2 4 3 4 4 
Sporulation was limited or reduced in the dark for all species in all media tested except WA. 
Under near-UV light, cool white fluorescent light, and light combination, almost all species 
produced spores in all media. When comparing the performance of LBA and SYA, sporulation 
on SYA was more consistent and induced sporulation for all species under any light condition.  
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(2) By species: 
(i) C. chlorophyti 
Species C. chlorophyti 
Isolate IL2A 
Media 
agar Rep Dark Near-UV CW light 
CW + near-UV 
light 
WA 1 2 2 2 2 2 2 2 2 1 
PDA 1 0 4 0 4 2 0 4 2 3 
APDA 1 0 4 2 4 2 0 4 0 (0 / 1) 
V8 1 0 3 2 3 2 0 3 2 4 
BFGBA 1 0 4 4 4 2 0 4 4 4 
LBA 1 0 3 2 4 2 0 4 4 3 
SYA 1 2 4 3 4 2 0 2 4 4 
SYAS 1 (0 / 1) 2 4 2 2 0 2 2 4 
 
(ii) C. incanum 
Species C. incanum 
Isolate IL6A 
Media 
agar Rep Dark Near-UV CW light 
CW + near-UV 
light 
WA 1 2 2 2 2 2 2 2 2 2 
PDA 1 0 3 4 4 2 0 3 4 4 
APDA 1 0 3 4 3 2 0 3 4 3 
V8 1 0 2 1 1 2 0 2 1 3 
BFGBA 1 0 3 4 3 2 0 3 3 3 
LBA 1 0 4 4 4 2 0 4 4 4 
SYA 1 2 4 3 4 2 2 4 4 4 
SYAS 1 0 3 4 (0 / 1) 2 0 3 2 3 
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(iii) C. truncatum 
Species C. truncatum 
Isolate IL15B 
Media 
agar Rep Dark Near-UV CW light 
CW + near-UV 
light 
WA 1 2 2 2 2 2 2 2 2 1 
PDA 1 0 4 4 4 2 (0 / 1) 4 4 4 
APDA 1 0 3 4 4 2 0 3 4 4 
V8 1 0 4 3 4 2 0 4 4 3 
BFGBA 1 0 3 4 4 2 0 3 4 3 
LBA 1 0 4 4 4 2 0 4 4 4 
SYA 1 0 3 3 4 2 2 3 3 4 
SYAS 1 (0 / 1) 4 4 4 2 0 4 4 4 
  
 
(iv) G. glycines 
Species G. glycines 
Isolate IL18A 
Media 
agar Rep Dark Near-UV CW light 
CW + near-UV 
light 
WA 1 2 (a) 2 (a) 2 (a) 2 2 2 (a) 2 (a) 2 (a) 2 
PDA 1 0 2 (p) 2 (p) 2 2 (0 / 1) 3 (p) 2 (p) 2 
APDA 1 0 2 (a)(p) 2 (p) 2 2 0 2 (a) 2 (p) 3 
V8 1 0 2 (a) 1 2 2 0 2 (a)(p) 1 1 
BFGBA 1 0 2 2 (a) 1 2 0 (0 / 1)  1 2 
LBA 1 (0 / 1) 4 (a) 4 (a) 4 2 0 4 (a) 4 (a) 4 
SYA 1 2 3 (a) 4 (a) 4 2 2 (p) 4 (a) 4 (a) 4 
SYAS 1 0 4 (a) 4 (a) 4 2 3 4 (a) 4 (a) 4 
                              Fruiting structure in G. glycines: a= acervuli; p= perithecia 
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Colletotrichum chlorophyti produced more conidia under near-UV light and the combination of 
near-UV and CW lights, and it produced the most conidia when cultured in BFGBA, although 
LBA and SYA also worked well. Colletotrichum incanum produced conidia in all media when 
near-UV light was used, but CW light and the combination lights also induced good sporulation 
except when grown on V8 under CW light. The suitable media for C. incanum to produce spores 
were LBA (best), SYA, PDA, APDA, and BFGBA. Colletotrichum truncatum produced the 
most conidia among the four species. It was able to produce abundant conidia under any 
condition of light and media except WA. Glomerella glycines formed acervuli and perithecia as 
the fruiting structures at its asexual and sexual stages, respectively. Under all light treatments, 
LBA, SYA, and SYAS, the fungus produced abundant acervuli and conidia, and when grown on 
PDA and APDA, the fungus produced perithecia and ascospores, but no acervuli and conidia 
were found. 
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Experimental set up for testing growth rates 
Colletotrichum species: 
C. chlorophyti (IL2A), C. incanum (IL6A), C. truncatum (IL15B), G. glycines (IL18A) 
Media: 
PDA (potato dextrose agar) (Difco), MA (malt agar) (Difco), OA (oatmeal agar, preparation: 25 
g old fashion oats in 500 ml water, cooked at 50–60 °C for 30–45 min, strained through 
cheesecloth, added water to 1 L, added 1.5% agar, and autoclaved) 
Light condition: 
12 h cool white fluorescent light and 12 h dark  
Temperature: 
Room temperature (24 ± 1 °C) 
Methods:  
(1) Isolates were cultured on APDA at 25 °C for 14 days.  
(2) 5-mm-diameter agar discs from the growing edge of each 
culture were cut and put on the center of plates which were 
labeled with four diameter lines on the backside (right 
figure). 
(3) Three replicates of each media for each species were performed. 
Observation: 
Diameters of the cultures growing across the four lines were measured every 2 days: 
Growing diameter (mm) = the length of line – 5 (length of mycelial disc) (mm) 
Growth rate calculated at the ith day (mm/day) = the average line lengths / i days 
  
1 
2 
3 
4 
5 mm 
Mycelial 
disc 
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Results 
(1) Sorted by media: 
 
 
 
 
 
 
 
 
 
 
 
At the 10th day, colonies of some isolates filled the plates (8 cm) (IL2A, IL6A, and IL18A on 
OA) or reached a plateau stage (IL18A on MA). IL6A (C. incanum) grew faster than the other 
three isolates before the 10th day on PDA and MA. IL18A (G. glycines) grew faster than the 
other three isolates on OA. IL15B (C. truncatum) grew slowly compared to all other isolates on 
each media.  
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(2) Sorted by species: 
 
 
 
 
 
 
 
 
 
 
IL2A had similar growth rates on the three media before 6 days but then grew faster on OA and 
reached 8 cm at the 10th day. IL6A had similar growth rates on the three media before the 8th 
day but then grew faster on OA and reached to full plate at the 10th day. IL15B grew faster on 
PDA and slowly on OA through the 14 days. IL18A grew faster on OA and reach 8 cm at the 
10th day. IL18A grew fast on MA initially but reached a plateau and the colony did not fill the 
plate. 
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C. chlorophy             C. incanum            C. truncatum               G.glycines 
2A                              6A                             15B                            18A 
PDA 
 
 
 
 
 
 
OA 
 
 
 
 
 
 
MA 
(3) Growth rate calculated at the 8th day (unit = mm / 8 days): 
IL2A         IL6A 
  PDA OA MA    PDA OA MA 
rep 1 7.34 7.75 6.38  rep 1 6.84 8.13 7.00
rep 2 6.19 7.06 7.03  rep 2 7.16 7.75 7.38
rep 3 5.50 7.72 5.63  rep 3 8.38 7.59 7.41
mean 6.34±0.93 7.51±0.39 6.34±0.70  mean 7.46±0.81 7.82±0.27 7.26±0.23
                 
IL15B      IL18A     
  PDA OA MA    PDA OA MA 
rep 1 6.84 4.50 5.47  rep 1 6.84 9.13 6.69
rep 2 7.16 3.97 5.53  rep 2 7.16 9.19 8.19
rep 3 8.38 3.88 5.41  rep 3 8.38 9.16 6.13
mean 7.46±0.81 4.11±0.34 5.47±0.06  mean 7.46±0.81 9.16±0.03 7.00±1.07
 
For isolates IL2A and IL6A, no significant differences in growth rates among the three media 
were found (P > 0.05). IL15B grew significantly faster on PDA than MA than OA (P < 0.05). 
IL18A grew significantly faster on OA than PDA and MA (P < 0.05). 
 
(4) Panel of the isolates on different media plates at the 14th day: 
 
 
 
 
 
 
 
 
Sporulation of IL6A and IL15B occurred on OA at the 8th and 12th day, respectively. No 
sporulation occurred on other plates.
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APPENDIX G: COMPARISON OF PATHOGENICITY OF DIFFERENT 
COLLETOTRICHUM SPECIES ON SOYBEAN PLANTS 
 
Objective 
To compare the pathogenicity of different Colletotrichum species on plants of soybean cultivar 
Williams 82  
 
Set up of experiment 
Colletotrichum species: 
(1) Experiment 1 – C. chlorophyti (IL2A), C. incanum (IL6A), C. truncatum (IL15B), G. 
glycines (IL18A), C. coccodes (PA3, courtesy of Dr. Barbara J. Christ’s lab) 
(2) Experiment 2 – C. chlorophyti (IL2A), C. incanum (IL6A), C. truncatum (IL15B), G. 
glycines (IL18A) 
Fungal cultures and inoculum preparation: 
(1) Isolates were sub-cultured on APDA for 14 days at 24 ± 1 °C. 
(2) For each isolate, six 6-mm agar discs were transferred into 50 ml potato dextrose broth 
(PDB) in a 250-ml flask.  
(3) The liquid cultures were harvested and shook with 100 rpm at room temperature (24 ± 1 °C) 
for 4 days. 
(4) At the day of inoculation, mycelial pellets of each isolate in the liquid cultures were collected 
and weighed (wet). 
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(5) For each isolate, mycelial pellets were transferred into a blender (Waring Laboratory, Model 
31BL92, Torrington, CT) and resuspended in PDB (Experiment 1) or distilled water 
(Experiment 2) to a final concentration of 30–40 mg/ml.  
(6) The pellet suspension was fragmented at low speed for 30 s, stop for 30 s, and ground for 
another 30 s to reach a homogenized condition. 
(7) Each suspension was poured into a plastic sprayer. 
Soybean plants: 
(1) Cultivar – Williams 82  
(2) Experiment 1 – Seeds were planted in 5-inch pots with three seeds per pot. Each treatment 
had four pots. A pot was an experimental unit. Plants were grown in the growth chamber at 
25 °C under 13 h light / 11 dark condition. 
(3) Experiment 2 – Seeds were planted in two flats, each with an insert of 84 wells. The wells 
were divided individually and only 10 of them were used in each flat to create some space. 
Each well contained two plants. Each treatment had four wells of plants. A well was an 
experimental unit. Plants were grown in the growth chamber at 25 °C under 13 h light / 11 
dark condition. 
Inoculation: 
(1) Inoculation was performed when plants grew to V2 to V3 stage. 
(2) Inoculum of each isolate was prepared and sprayed on the plants until runoff. In Experiment 
1, each isolate inoculated four pots of plants. In Experiment 2, each isolates inoculated four 
wells of plants. Plants were sprayed with PDB (Experiment 1) or distilled water (Experiment 
2) for the control treatment. 
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(3) After inoculation, the pots (Experiment 1) and the wells (Experiment 2) were randomly 
arranged and distributed in flats and put into the moist chambers. 
(4) Inoculated plants were incubated in the moist chamber in the dark at room temperature (26 ± 
1 °C) for 48 h. 
(5) Plants were taken out and transferred back to the original growth chamber.  
Disease rating and statistical analysis: 
(1) Rating scale: 0 = asymptomatic, 1 = leaf veinal necrosis, 2 = lesions on leaves and petioles, 3 
= lesions on leaves, petioles, and stems, and 4 = plants dead.  
(2) In Experiment 1, each pot was an experimental unit. In Experiment 2, each plant in a well 
was rated and the average of all plants in each well was the experimental unit. 
(3) In Experiment 1, rating was done daily from 3 to 5 dpi. In Experiment 2, rating was done 
every other day from 3 to 12 dpi.  
(4) Area under disease progress curve (AUDPC) of each experiment unit was calculated and 
statistical analyses were performed using JMP (Version 9.02, 2010, SAS Institute Inc., Cary, 
NC).   
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Results 
(1) Experiment 1 
ANOVA table of AUDPC values calculated from 3 to 5 dpi: 
Source DF Sum of Squares 
Mean 
Square F Ratio Prob > F
Treatment 5 103.375 20.675 45.8031 <.0001
Error 18 8.125 0.4514     
C. Total 23 111.5       
 
LSMeans differences Student’s t test (α = 0.05, t = 2.10092). Levels not connected by same letter 
are significantly different: 
Level AUDPC        
IL15B 6.00 A       
IL2A 4.00  B     
IL6A 1.75    C   
PA3 0.88    C D 
IL18A 0.50      D 
PDB 0.38      D 
 
IL15B (C. truncatum) caused the most severe disease symptoms than the other four isolates (P < 
0.0001). IL2A (C. chlorophyti) was more aggressive than the rest of three isolates (P < 0.001). 
IL6A (C. incanum) and PA3 (C. coccodes) were not different, and PA3 and IL18A (G. glycines) 
were not different from the control PDB. 
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Picture of inoculated plants at 4 dpi: 
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(2) Experiment 2 
ANOVA table of AUDPC values calculated from 3 to 12 dpi: 
Source DF Sum of Squares 
Mean 
Square F Ratio Prob > F
Treatment 4 1605.0813 401.27 70.3212 <.0001 
Error 15 85.5937 5.706     
C. Total 19 1690.675       
 
LSMeans differences Student’s t test (α = 0.05, t = 2.13145). Levels not connected by same letter 
are significantly different: 
Level AUDPC         
IL15B 27.00 A       
IL6A 15.50 B   
IL2A 12.06 B   
IL18A 7.44 C   
H2O 0.00 D 
 
IL15B (C. truncatum) caused the most severe disease symptoms than the other four isolates (P < 
0.0001). IL6A (C. incanum) and IL2A (C. chlorophyti) were not significantly different from 
each other, but they were more aggressive than IL18A (G. glycines) (P < 0.001 and P < 0.01, 
respectively). 
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APPENDIX H: SUMMARY OF ISOLATES COLLECTED IN THIS STUDY 
 
Culture 
# 
Culture 
Name a State Location Year 
Pathogenicity 
on detached 
leaf assay b 
Q-PCR 
result c 
1 IL1A* IL Champaign 2009 0 group 1 
2 IL2A IL Champaign 2009 3 group 1 
3 IL3A IL Champaign 2009 2 group 1 
4 IL4A IL Warren 2009 1 group 1 
5 IL6A* IL Warren 2009 2 group 2 
6 IL7A IL Warren 2009 1 group 2 
7 IL8A IL Warren 2009 1 group 2 
8 IL9A IL Champaign 2009 1 group 2 
9 IL10A IL Warren 2009 2 group 2 
10 IL11A IL Warren 2009 2 group 2 
11 IL12A IL Warren 2009 1 group 2 
12 IL13A IL Champaign 2009 2 group 2 
13 IL14A IL Warren 2009 3 group 2 
14 IL15B* IL Champaign 2009 4 group 3 
15 IL16D IL Warren 2009 4 group 3 
16 IL18A* IL Warren 2009 0 group 4 
17 IL19A IL Warren 2009 0 group 4 
18 IL20A IL Warren 2009 0 group 4 
19 IL21A IL Warren 2009 0 group 4 
20 IL22A IL Warren 2009 1 group 4 
21 IL23A IL Warren 2009 0 group 4 
22 IL24A IL Warren 2009 0 group 4 
23 IL25A IL Warren 2009 0 group 4 
24 IL26A IL Champaign 2009 0 group 4 
25 IL27B IL Warren 2009 2 group 4 
26 IL28C IL Champaign N/A 1 group 3 
27 IL29 IL Iroquois 2009 N/A group 2 
28 IL30 IL Iroquois 2009 N/A group 2 
29 IL31 IL Iroquois 2009 N/A group 1 
30 IL32 IL Iroquois 2009 N/A group 2 
31 IL33 IL Iroquois 2009 N/A group 2 
32 IL34 IL Champaign 2009 1 group 1 
33 IL35 IL Champaign 2009 2.5 group 1 
34 IL36 IL Champaign 2009 0.5 group 1 
35 IL37 IL Champaign 2009 0 group 1 
 
a Representative isolates for each species in multigene phylogenetic analysis 
b Each value was the mean of evaluation of two replicates (Appendix E1). 
c Group 1 = C. chlorophyti; Group 2 = C. incanum; Group 3 = C. truncatum; Group 4 = G. 
glycines (Isolates without sequencing could be C. gloeosporioides) 
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APPENDIX H. (Cont.) 
Culture 
# 
Culture 
Name a State Location Year 
Pathogenicity 
on detached 
leaf assay b 
Q-PCR 
result c 
36 IL38 IL Champaign 2009 0 group 1 
37 IL39 IL Champaign 2009 0 group 1 
38 IL40 IL Champaign 2009 0.5 group 1 
39 IL41 IL Champaign 2009 1 group 1 
40 IL42 IL Champaign 2009 1 group 1 
41 IL43 IL Champaign 2009 0.5 group 1 
42 IL44 IL Warren 2009 1 group 1 
43 IL45 IL Champaign 2009 0.5 group 1 
44 IL46 IL Champaign 2009 2 group 1 
45 IL47 IL Warren 2009 1 group 2 
46 IL48 IL Warren 2009 1 group 2 
47 IL49 IL Warren 2009 1 group 2 
48 IL50 IL Warren 2009 0.5 group 2 
49 IL51 IL Warren 2009 1.5 group 2 
50 IL52 IL Warren 2009 0 group 2 
51 IL53 IL Warren 2009 1 group 2 
52 IL54 IL Warren 2009 0 group 2 
53 IL55 IL Champaign 2009 1 group 2 
54 IL56 IL Warren 2009 1 group 2 
55 IL57 IL Warren 2009 1 group 2 
56 IL58 IL Warren 2009 0.5 group 2 
57 IL59 IL Warren 2009 0.5 group 2 
58 IL60 IL Warren 2009 2 group 2 
59 IL61 IL Warren 2009 2 group 2 
60 IL62 IL Warren 2009 2 group 2 
61 IL63 IL Warren 2009 1 group 2 
62 IL64 IL Warren 2009 0 group 2 
63 IL65 IL Warren 2009 5 group 2 
64 IL66 IL Warren 2009 0.5 group 2 
65 IL67 IL Warren 2009 1 group 2 
66 IL68 IL Champaign 2009 1 group 2 
67 IL69 IL Warren 2009 0.5 group 2 
68 IL70 IL Warren 2009 1 group 2 
69 IL71 IL Warren 2009 1 group 2 
70 IL72 IL Warren 2009 1.5 group 2 
71 IL73 IL Warren 2009 2 group 2 
72 IL74 IL Warren 2009 1 group 2 
73 IL75 IL Warren 2009 0.5 group 2 
74 IL76 IL Warren 2009 1.5 group 2 
75 IL77 IL Champaign 2009 1 group 2 
76 IL78 IL Warren 2009 1 group 2 
 
135	
	
APPENDIX H. (Cont.) 
Culture 
# 
Culture 
Name a State Location Year 
Pathogenicity 
on detached 
leaf assay b 
Q-PCR 
result c 
77 IL79 IL Warren 2009 0.5 group 2 
78 IL80 IL Champaign 2009 0.5 group 2 
79 IL81 IL Warren 2009 1 group 2 
80 IL82 IL Champaign 2009 4 group 3 
81 IL83 IL Champaign 2009 1.5 group 3 
82 IL84 IL Champaign 2009 4 group 3 
83 IL85 IL Champaign 2009 3.5 group 3 
84 IL86 IL Warren 2009 4 group 3 
85 IL87 IL Warren 2009 4 group 3 
86 IL88 IL Warren 2009 2 group 3 
87 IL89 IL Warren 2009 0 group 4 
88 IL90 IL Warren 2009 1 group 4 
89 IL91 IL Warren 2009 0.5 group 4 
90 IL92 IL Warren 2009 0 group 4 
91 IL93 IL Warren 2009 0.5 group 4 
92 IL94 IL Warren 2009 0.5 group 4 
93 IL95 IL Warren 2009 0 group 4 
94 IL96 IL Warren 2009 1 group 4 
95 IL97 IL Warren 2009 0.5 group 4 
96 IL98 IL Warren 2009 1 group 4 
97 IL99 IL Warren 2009 1.5 group 4 
98 IL100 IL Warren 2009 0 group 4 
99 IL101 IL Warren 2009 2 group 4 
100 IL102 IL Warren 2009 2.5 group 4 
101 IL103 IL Warren 2009 1 group 4 
102 IL104 IL Warren 2009 1 group 4 
103 IL105 IL Warren 2009 1 group 4 
104 IL106 IL Warren 2009 1 group 4 
105 IL107 IL Warren 2009 1 group 4 
106 IL108 IL Warren 2009 1.5 group 4 
107 IL109 IL Warren 2009 2 group 4 
108 IL110 IL Champaign 2009 1 group 4 
109 IL111 IL Warren 2009 0.5 group 4 
110 IL112 IL Warren 2009 1 group 2 
111 IL115 IL Champaign 2009 0 group 4 
112 IL116 IL Champaign 2009 0 group 4 
113 IL117 IL Champaign 2009 0 group 4 
114 IL118 IL Champaign 2009 0.5 group 4 
115 IL119 IL Champaign 2009 0.5 group 4 
116 IL120 IL Champaign 2009 0 group 4 
117 IL122 IL Champaign 2009 0 group 4 
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APPENDIX H. (Cont.) 
Culture 
# 
Culture 
Name a State Location Year 
Pathogenicity 
on detached 
leaf assay b 
Q-PCR 
result c 
118 IL123 IL Champaign 2009 0.5 group 4 
119 IL124 IL Champaign 2009 0 group 4 
120 IL125 IL De Kalb 2011 0.5 group 2 
121 IL126 IL De Kalb 2011 0 group 4 
122 IL127 IL De Kalb 2011 0 group 4 
123 IL128 IL De Kalb 2011 0 group 4 
124 IL129 IL De Kalb 2011 0 group 4 
125 IL130 IL De Kalb 2011 0.5 group 4 
126 IL132 IL De Kalb 2011 0.5 group 4 
127 IL133 IL De Kalb 2011 0 group 4 
128 IL134 IL De Kalb 2011 0 group 4 
129 IL135 IL De Kalb 2011 0.5 group 4 
130 IL136 IL De Kalb 2011 0.5 group 4 
131 IL137 IL Whiteside 2011 0.5 group 4 
132 IL138 IL Whiteside 2011 0 group 4 
133 IL139 IL Whiteside 2011 0 group 4 
134 IL140 IL Whiteside 2011 0.5 group 4 
135 IL141 IL Whiteside 2011 0 group 4 
136 IL142 IL Whiteside 2011 0 group 4 
137 IL143 IL Whiteside 2011 0 group 4 
138 IL144 IL Whiteside 2011 0 group 4 
139 IL145 IL Ogle 2011 0.5 group 4 
140 IL146 IL Ogle 2011 0 group 4 
141 IL147 IL Ogle 2011 1 group 4 
142 IL148 IL Ogle 2011 0 group 4 
143 IL149 IL Ogle 2011 0.5 group 4 
144 IL150 IL Ogle 2011 0 group 4 
145 IL151 IL Ogle 2011 0.5 group 4 
146 IL152 IL Ogle 2011 0 group 4 
147 IL153 IL Ogle 2011 0 group 4 
148 IL154 IL Ogle 2011 0 group 4 
149 IL155 IL Ogle 2011 0 group 4 
150 IL156 IL Ogle 2011 0 group 4 
151 IL157 IL Woodford 2011 0 group 4 
152 IL158 IL Woodford 2011 0 group 4 
153 IL159 IL Woodford 2011 0 group 4 
154 IL160 IL Woodford 2011 1 group 4 
155 IL161 IL Woodford 2011 2 group 4 
156 IL161-2 IL Woodford 2011 0 group 4 
157 IL162 IL Woodford 2011 1.5 group 2 
158 IL163 IL Woodford 2011 1 group 2 
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APPENDIX H. (Cont.) 
Culture 
# 
Culture 
Name a State Location Year 
Pathogenicity 
on detached 
leaf assay b 
Q-PCR 
result c 
159 IL164 IL Warren 2011 1.5 group 2 
160 IL165 IL Warren 2011 1 group 2 
161 IL166 IL Warren 2011 0 group 4 
162 IL167 IL Warren 2011 1 group 2 
163 IL168 IL Warren 2011 0 group 2 
164 IL169 IL Warren 2011 0.5 group 4 
165 IL170 IL Warren 2011 1 group 4 
166 IL171 IL Warren 2011 0 group 4 
167 IL172 IL Warren 2011 1 group 4 
168 IL173 IL Warren 2011 0.5 group 4 
169 IL174 IL Warren 2011 0.5 group 4 
170 IL175 IL Warren 2011 1 group 4 
171 IL176 IL Warren 2011 0.5 group 4 
172 IL177 IL Warren 2011 1 group 4 
173 IL178 IL Warren 2011 0 group 4 
174 IL179 IL Warren 2011 0.5 group 2 
175 IL180 IL Warren 2011 1 group 2 
176 IL181 IL Warren 2011 0.5 group 2 
177 IL182 IL Warren 2011 0 group 2 
178 IL183 IL Warren 2011 1.5 group 2 
179 IL184 IL Warren 2011 0.5 group 2 
180 IL185 IL Warren 2011 1 group 2 
181 IL186 IL Warren 2011 1 group 2 
182 IL187 IL Warren 2011 1 group 2 
183 IL188 IL Warren 2011 1 group 4 
184 IL189 IL Sangamon 2011 0 group 4 
185 IL190 IL Sangamon 2011 1.5 group 4 
186 IL191 IL Sangamon 2011 0.5 group 4 
187 IL192 IL Sangamon 2011 0 group 4 
188 IL193 IL Sangamon 2011 0 group 4 
189 IL194 IL Sangamon 2011 1 group 4 
190 IL195 IL Sangamon 2011 0.5 group 4 
191 IL196 IL Sangamon 2011 1 group 4 
192 IL197 IL Sangamon 2011 1 group 4 
193 IL198 IL Sangamon 2011 1 group 4 
194 IL199 IL Sangamon 2011 0.5 group 4 
195 IL200 IL Sangamon 2011 0 group 4 
196 IL201 IL Sangamon 2011 1 group 4 
197 IL203 IL Sangamon 2011 1.5 group 2 
198 IL204 IL Sangamon 2011 1 group 2 
199 IL205 IL Sangamon 2011 0 group 4 
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APPENDIX H. (Cont.) 
Culture 
# 
Culture 
Name a State Location Year 
Pathogenicity 
on detached 
leaf assay b 
Q-PCR 
result c 
200 IL206 IL Champaign 2013 N/A group 2 
201 IL207 IL Champaign 2013 N/A group 3 
202 IL208 IL Champaign 2013 N/A group 3 
203 IL209 IL Champaign 2013 N/A group 3 
204 IL210 IL Champaign 2013 N/A group 3 
205 AL0 AL   2009 N/A group 1 
206 AL1 AL   2009 N/A group 1 
207 AL2 AL   2009 N/A group 1 
208 AL3 AL   2009 N/A group 3 
209 AL4 AL   2009 N/A group 3 
210 AL5 AL   2009 N/A group 3 
211 AL6 AL   2009 N/A group 3 
212 AL7 AL   2009 N/A group 3 
213 AL8 AL   2009 N/A group 3 
214 AL9 AL   2009 N/A group 3 
215 AL10 AL   2009 N/A group 3 
216 AL11 AL   2011 0 group 4 
217 AL12 AL   2011 0.5 group 4 
218 AR2 AR   2009 N/A group 3 
219 AR3 AR Crawford 2009 N/A group 2 
220 AR4 AR   2013 N/A N/A 
221 MS1 MS Washington 2009 N/A group 1 
222 ND1 ND   2011 1 group 5 
223 ND2 ND   2011 1 group 5 
224 ND3 ND   2011 0.5 group 5 
225 ND4 ND   2011 1 group 2 
226 ND5 ND   2011 1 group 2 
227 ND6 ND   2011 1 group 2 
228 ND7 ND   2011 1 group 2 
229 ND8 ND   2011 1 group 2 
230 ND9 ND   2011 1 group 2 
231 ND10 ND   2011 1 group 2 
232 ND11 ND   2011 1 group 2 
233 ND12 ND   2011 1 group 2 
234 ND13 ND   2011 1 group 2 
235 ND14 ND   2011 1 group 2 
236 ND15 ND   2011 1 group 2 
237 ND16 ND   2011 1 group 2 
238 ND17 ND   2011 1 group 2 
239 ND18 ND   2011 1 group 4 
240 ND19 ND   2011 1 group 2 
	
